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????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????? (Georgopoulos et al., 1986; Scott, 2000)??????????????????
?????????????????????????????????????????
???????????????????? (preferred direction)????????????
?????????????????????????????????????????
?????????????????????? (????)?????????????
?????????????????????????? (Georgopoulos et al., 1986; Scott,
2000)???????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
8 ? 1? ??
???????????????????????????????? (functional magnetic
resonance imaging: fMRI)???? (Magnetoencephalography: MEG)??????????
?????????????????????????????????????????
????????????????????????????????????????
??????? (functional near-infrared spectroscopy: fNIRS)??? (Electroencephalogram?
EEG)??????????????? (Daly and Wolpaw, 2008)?
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????David Marr (Marr, 1982)??????? 3??????????????????
??????????
(1).????: ?????????????
(2).?????????: ????????????????????
(3).????????: ?????????????
??????????????????????? 3????????????????
?????????????????????????????????????????
?????????????????????????????????? 2?????
????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????? 2???????????
????????????????????????????????????????
???????????????????????????? (????????????
???????)?????????????????????????????????
????????????????????????????????????????
????????????????????? (??)?????????????????
?????????????????????????????????????????
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?????????????????????
???????????????????????????????????2????
??????????1??????????????????????????????
????? 1???????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????? Brain Machine Interface (BMI)????????????? (Daly and
Wolpaw, 2008; Coben and Evans, 2010)???????????????????
???????????????? 2???????????????????????
????????????????????????????????1????????
????????????????????????????????????????
????????2????????????????????????????????
??????????????????????????????????????
1.2 ?????
1.2.1 ?????????????
1920??????????? Hans Berger (Millett, 2001)??????????????
????????????????????????????????????????
????????????????????????? oscillation???????????
????????? (Pfurtscheller and Da Silva, 1999)?????????????? (8–12
Hz)???? (13– 30 Hz)?????????????????????????????
10 ? 1? ??
??? (event-related (de) synchronization : ERD/S)???????? (Babiloni et al., 1999)?
?????????????????????????????????????????
????????????????????????????????Brinkman et al. (2014)
????????????????????????ERD/S??????????????
??????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????? (Tanaka
et al., 2018)????????????????????????????????????
????????????????????????????????????????
????????????
1.2.2 ????????????
????????????????????????????????????????
??? oscillation (??)?????? phase (??)??????????????????
???? (Varela et al., 2001; Ward, 2003; Sauseng and Klimesch, 2008)??????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????? (Varela et al., 2001;
Ward, 2003; Sauseng and Klimesch, 2008)???????? (? 1.1)???????????
??????????????????????????????? (Kawano et al., 2017)
????????????????????????????????????????
??????????????????????? (Varela et al., 2001; Ward, 2003; Sauseng
and Klimesch, 2008)????????????????????????????????
????????????????????? (Lachaux et al., 1999)??????????
????????????? 250ms??????-??????????????????
????????????????????????????????????????
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??????????????? (Perfetti et al., 2010)?
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Thinking Decision
?????????????
?? ????????????
? 1.1 ????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
1.2.3 ???????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????? 2??????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
12 ? 1? ??
?????????????? (1000?2000Hz)???????????????????
????????????????????????????????????? (Varela
et al., 2001; Ward, 2003; Sauseng and Klimesch, 2008; Kawano et al., 2017; Perfetti et al., 2010)
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????? (? 2?)?
1.3 ??????????????????
1.3.1 ????????????????
?????????????????David Marr (Marr, 1982)????? 3??????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????? 2???????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????? (Flash and Hogan, 1985; Viviani and
Flash, 1995)???????????????????????????????????
??????????????????? (??)???????????????????
1.3.2 ??????????????
????????????????Nakano????????????????????
???? (Nakano et al., 1999)???????????????????????????
????????? (? 1.2? u)??????????????????????????
????????????????????????????????????????
1.3. ?????????????????? 13
????????????????????????????????????????
???????????????? (Nakano et al., 1999; Wada et al., 2001)?
????????????????????????????????? 1.2?????
????????????? 1.2????????????? u????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????? u??????
????????????????????????????????? u??????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????? (Wada and Kawato,
1993; Nakano et al., 1999; Wada et al., 2001; Wada and Kawato, 2004)?
? 1.2 ????????????
???????? 1????????? 3????????????????????
????? 1????????? (??????? 3????????)????????
????????????????????????????????????????
14 ? 1? ??
?????????????????? (Wada and Kawato, 1993, 2004)?????????
????????????????????? (??????? 3????)??????
????????????????????????????????????????
??????Wada? (Wada and Kawato, 1993, 2004)?????????????????
????????????????????????????????????????
?????????? 4??????????????????????????????
????????????????????????????????????????
?????????????????????????????????
1.4 ??????
??????????? 2????????????????????????? 2??
??? 3??????????????????????????? 4?????????
?????????????????????????? 5?????????????
??????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????????
?????????
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?2? ???????????????α?
????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????? (??)?
2.1 ????
???????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????? (?????????)???????????????????
???????????? (????)???????????????????????
?????????????????????? (Akaishi et al., 2014)?????????
????????????????????????????????????????
? (?????)?????????????????????????????????
????????????????????????????????????????
???????????? (Kent et al., 2009)?
????????????????????????????????????????
?????????????????????????????????????????
16 ? 2? ??????????????? α?????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????
?????? 1?????????????????????????????????
????????????????????????????????????????
????????????????????????????????? (Jeannerod, 2001;
Munzert et al., 2009)????????????????????????????????
??????????????????????????????????????????
??????????? Helmich et al. (2009)????????????????????
??????????????????????????????? mental hand rotation
task (MR task, ??????) ??????????????????MR task?????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????? (Cooper and
Shepard, 1975)????????Helmich et al. (2009)??MR task???????? fMRI?
????????????????????????????????????????
?????????????????Helmich et al. (2009)??????????????
???????? (“repeat”)??????????????????? (“switch”)????
????????????????????????“switch”?????????????
????????????Helmich et al. (2009)?MR task????????? “switch”?
????????????????????????????????????????
?????????????MR task????Helmich et al. (2009)??????????
2.1. ???? 17
?????????????????????????“???????????????”
???????????“??????????????”??????????????
????????????????????? 2?????
(1). MR task???????????????????????????????????
(2). Helmich et al. (2009)????????????????????????
????????????? (Cooper and Shepard, 1975; Zacks, 2008; Osuagwu and Vuckovic,
2014)?MR task?????????????????????????????? (Cona
et al., 2017)????????????????????????????????Cona et al.
(2017)?????????????????????? (transcranial magnetic stimulation;
TMS)???????? behavior??????????????????????????
????????????????????????????????????????
??? TMS???????????????????????????????MR task
?????????????????????????????????????????
??????????????????????????????????MR task???
????????????????????????????? Helmich et al. (2009)??
?????????????????????????????????????????
???????
???????????????????????MR task????????????
??????????????????????????????????? (“command-
to-response task; CR task???”) ????????? Helmich et al. (2009)??????
?????????????????????????????????????Helmich
et al. (2009)???????????????????????????????????
????????????????????????????????????????
????????2???? (MR task? CR task)??????????????????
?????
?????????????? 25????????????????????????
18 ? 2? ??????????????? α?????????????
?????????????????????????????????????????
??????????????? (Figure 2.1A, D–G).????????????????
?????????????????????????????????????? (repeat
trial)???????????????????? (switch trial)????????????
???????????????????????????????
2.2 ????
2.2.1 ???
??????? 2???? (MR task, CR task)?????????????? 25? (??:
21-29?,?? 23.5?)???????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
2.2.2 ?????
????????????Biosemi????? 10-20? 64ch??????????Active
Two????????????????????MATLAB R2013b???????????
???Fieldtrip toolbox (Donders Institute for Brain, Cognition and Behaviour in Nijmegen, the
Netherlands, http://www.fieldtriptoolbox.org/)?????????????????
?????????MATLAB???????????????????????????
??Cogent 2000 (http://www.vislab.ucl.ac.uk/cogent_2000.php)??????
2.2.3 ????
2.2.3.1 Mental hand rotation task (MR task)
?????? 2.1A???????????????????????????????
?????????????????????????????????????????
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? 2.1 Experimental settings. (A)???????. (B) EEG?????. ?? 10-20???
??????? 15?? (??:Fp1, Fpz, Fp1, F3, Fz, and F4, ???:C3, Cz, and C4,
??:P3, Pz, and P4,??:O1, Oz, and O3)???. (C) Mental hand rotation????
???????. (D), (E) Mental hand rotation????? Command-to-response??
?????. ???????????????????????????????
?????.???? 1???????????????????????????
???????? laterality?? (left or right hand / left or right angle bracket)???
?????? (switch or repeat)???????? (see Method section for detail). (F),
(G) Trial-type (switch or repeat)???.
?????????????????? 1??????????????????????
????????????????????????????????????????
????????????????????14?? (2??: ?? or?? × 7??: ???
?;-135◦, -90◦, -45◦, 0◦, +45◦, +90◦, +135◦)??????????????????????
20 ? 2? ??????????????? α?????????????
????????? (? 2.1C)???????????????????????????
?????????????????????????????????????????
???????????????????1?????????????????????
???????????? rest interval?????????????? task interval????
?? rest interval?? task interval????????? 1 trial????? (? 2.1D)????
??????????? 112 trial????????????? 1 session????? session
???????????? 10?? session?????????????????? trial?
?????? trial??????????????????? repeat trial???? trial??
???????????? switch trial?????repeat trial?????? 60%?????
?????? (? 2.1F)??????????????? 64-channel????? (Active Two;
Biosemi, Amsterdam, the Netherlands; sampling frequency: 1024 Hz)???????????
????????????????? (RT: reaction time,???????????????
????????)??????
??????????? 64-channel????????????????????????
?????frontal cortex (Fp1, Fpz, Fp1, F3, Fz, and F4), motor cortex (C3, Cz, and C4), parietal
cortex (P3, Pz, and P4)??? visual cortex (O1, Oz, and O2)??? 4??????????
??? 15 channel?????????? (? 2.1B) (Koessler et al., 2009)????????
?????????frontal cortex? parietal cortex??????????????????
????????? (Hare et al., 2011; Cisek, 2006)????visual cortex? motor cortex?
?????????????????????????????? (Chen et al., 2013; Horst
et al., 2013; Podzebenko et al., 2002)?
2.2.3.2 Commnad-to-response task (CR task)
CR task?????MR task?????? 25??????????CR task?MR task?
????????????
?????? 2.1A???????????????????????????????
????????????????????????????????????????
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?????????????????????????????????????????
????????????????????? 1??????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????trial????? (switch/repeat???????)
? 1 session?? trial? (?????????)??MR task??????????????
???CR task????????????????????????MR task??????
1?????? 6 session?????????????
?????????????? 64-channel????? (Active Two; Biosemi, Amsterdam,
the Netherlands; sampling frequency: 1024 Hz)????????????????????
???????? (RT: reaction time,???????????????????????)?
????????????MR task?????????64channel??????? 15 channel
?????????? (? 2.1B) (Koessler et al., 2009)?
2.2.4 ????
2.2.4.1 ???????
?????????Matlab (Mathworks, Natick, MA, USA)?????????????
?????? 3?????????????????????
(1).???????
(2).??? (left: switch, right: switch, left: repeat, right: repeat)? RT??????? ex-
Gaussian functions (Baayen and Milin, 2010; Matzke et al., 2013)??????????
(3).????????? ex-Gauusian??? 95%???????????????????
????????? (?? F.1????)
???????MR task???CR task????????????????????????
???????MR task???????????? 11.66± 5.51% (mean ± standard deviation
across subjects)???????????????switch trial???? 86.45±5.34%????
22 ? 2? ??????????????? α?????????????
????????repeat trial????? 89.58± 4.73%????????????? CR task
???6.80 ± 1.83%????????????????switch trial???? 93.15 ± 2.57%
????????????repeat trial????? 93.22 ± 2.08%??????????
???????????????????????????????????????
???? 2?????????????1????MR task?????????? 3??:
(a) hand laterality?? (left or right), (b) ?????? (-135◦, -90◦, -45◦, 0◦, +45◦, +90◦, or
+135◦), ??? (c) trial?? (switch or repeat) ???? 3?????? (three-way ANOVA)
?????????????????????????????????????????
???????????????2?????????????? switch-repeat??? RT
???????????paired t-test????Mental hand rotation task? RT (switch, repeat
???????????)? CR task? RT (switch, repeat???????????)???
???????????
2.2.4.2 ????
?????????MR task??? CR task????????????????????
??????????????????Matlab (Mathworks, Natick, MA, USA)??????
??????????? EEGLAB toolbox (https://sccn.ucsd.edu/eeglab/) ????
????????????????????????
???
??????????????????-0.4??? 1.2? (???????? 0????)
?????????????????????????????????????????
???????????????1?100Hz????? 3???????????????
?????????????????-0.4??? 0??????????????????
????????????????????????
????????????????????????????????????????
????????Matlab? “Signal Processing Toolbox”????? “butter ()”??? “filtfilt
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()”????????????????????????????????????????
?????????????????????????????????????????
???????
?????????????? 2?????
- ???????????????????????????????? (Sauseng and
Klimesch, 2008; Varela et al., 2001)
- ???????????????????? (Matsuda et al., 2017)
?????????????????????????????????????????
????? (8?15Hz)???????????????????????????????
?????????weighted phase-lag index (wPLI) (Vinck et al., 2011; Cohen, 2015)???
????????????????????????????????? (volume conduction
?????????????????)???????????????????????
?? (Vinck et al., 2011)???????????
wPLIi, j =
∣∣∣∣E {ℑ {XiX∗j }}∣∣∣∣
E
{∣∣∣∣ℑ {XiX∗j }∣∣∣∣} =
∣∣∣∣∣E {∣∣∣∣ℑ {XiX∗j }∣∣∣∣ sgn [ℑ {XiX∗j }]}∣∣∣∣∣
E
{∣∣∣∣ℑ {XiX∗j }∣∣∣∣} (2.1)
????i, j?????????????????Xi?? i??????????????
???X∗j ? X j??????????XiX∗j ???? i, j?????????????????
E {·}?????sgn {·}???????????????????????????????
??????????? [0, 1]????????????????????????? 1?
???????????????????????????? i, j???????????
???ℑ
{
XiX∗j
}
?????????????? 2???????? ±90◦????????
????????????????? 0◦??????????????????????
?????????????????????????????????????????
????????????????????????????????????????
???????? volume conduction????????????????????????
24 ? 2? ??????????????? α?????????????
?????????????????????????? A.1????????
??????????????????? 14???????????? (4.5)?????
??????????????????? (left: switch, right: switch, left: repeat, right: repeat)
?????????wPLI????????????????????? Xi? EEGLAB?
“timefreq ()”?? (Morlet wavelet approach)????????wPLI????? 3????
(alpha: 8-15 Hz, beta 1: 16-24 Hz, and beta 2: 28-36 Hz)????????????????
alpha??????????????????????????????D????????
wPLI????????????????????? (4.5)??????????????
wPLI??????????????????????????????????????
??????? 105 (= 15 × [15 − 1]/2)???????????????????105??
?? wPLIi, j???????????? z-socre???????????????????
??? µBi, j ??????? σBi, j ??????wPLI? z-score?????????????
??
z−wPLIi, j =
wPLIi, j − µBi, j
σBi, j
(2.2)
(2.2)?????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????z−wPLIi, j???
???? task-related??????????????????????????????
????????????
????????????????????????????????????????
??????? (Sauseng and Klimesch, 2008; Varela et al., 2001)????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
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??????? (left: switch, right: switch, left: repeat, right: repeat)???????????
???? alpha?? (8?15Hz)???????????????????????????
?????????
(1).? z-wPLI (? 105????)??????????
(2). Dynamic time warping (DTW) (Mu¨ller, 2007; Meszle´nyi et al., 2016; Karamzadeh et al.,
2013)???? z-wPLI??????
(3). (2)???????? z-wPLI?????????????? (105 × 105 matrix)???
(4). (3)?????????????????????????
????????????????????? z-wPLI???
(5). (4)?????????????????????
(6).?????????????????????????????
1) Calculate weighted phase-lag indeces (wPLIs)
 105 channel-pairs ( n(n-1)/2, n=15 ch. ) 
Cluster1
…
4) Apply Hierarchical Clustering
 
 
Distance Matrix
3) Calculate  the temporral similarity in each pair of z-wPLIs 
based on Dynamic time warping(DTW) distance
1
0
5
105
Cluster k
5) Determine # of clusters
2) z-scored wPLIs (z-wPLIs) 
           and group averaged z-wPLIs
105 channel-pairs
( n(n-1)/2, n=15 ch. ) 
Fp1
Fpz 
Oz O2 
?
C3 
Pz 
?
wPLI
Fp1-Fp2
 
wPLI
C3-Pz
 
wPLI
O2-Oz
 
Fp1
Fpz 
Oz O2 
?
C3 
Pz 
?
wPLI
Fp1-Fp2
 
wPLI
C3-Pz
 
wPLI
O2-Oz
 
Fp1
Fpz 
Oz O2 
?
C3 
Pz 
?
wPLI
Fp1-Fp2
 
wPLI
C3-Pz
 
wPLI
O2-Oz
 ?
?
25
 s
ub
je
ct
s
z-wPLI
Fp1-Fpz
z-wPLI
O2-Oz
?
?
z-wPLI
Fp1-Fpz
? ? z-wPLI
O2-Oz
Leaf nodes are related to each z-wPLIs
Visualize a cluster tree of each z-wPLI
basedon the temporal similarity.
? 2.2 ??????????????????. ??????????? (15×(15−1)/2 = 105
??)? z-wPLI?????group????????????DTW algorithm???
?? z-wPLI???????????????????????????????
?????????? Cluster tree??????????????????????
???????.
26 ? 2? ??????????????? α?????????????
???Step. (1) ??????????????? 105 ????? z−wPLIi, j ?????
Step. (2)????????????????? DTW (Mu¨ller, 2007; Meszle´nyi et al., 2016;
Karamzadeh et al., 2013)?????????????????DTW????? 2????
????????????????????????????????????????
??? B??????????????????Step. (3)??????????????
?? z-wPLI???????????????? z-wPLI???????????????
???105 × 105????????????Step. (4)?????????????????
?????????average linkage?????????? (? 2.2)???????????
????????????????? 105? z-wPLI?????????????????
????????????????????????????? z-wPLI??????Step.
(5)???????????????????????????????????????
????????????????????????????????????????
???????????? Pseudo F?????????? (Calin´ski and Harabasz, 1974)
Pseudo F =
S S B
S SW
× k − 1
n − k (2.3)
?????S S B??????????????????????S SW ?????????
??????????????k???????n??????????????????
?????
Pseudo F (Calin´ski and Harabasz, 1974)???????????????????????
??????????????????????????????????? k??? k
??? 1?10??????????? Pseudo F???????????????????
??????? k?????????????????
???????????????????????????????????? z−wPLI
????????????????????????????????????????
?????????????Step. (6)???????????????????????
???????? 2.2???????????????????????????????
??????????????????
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??????????????? (MR task, CR task)??????????? (left: switch,
right: switch, left: repeat, right: repeat)????????????????????????
??????????????????????????????? C????????
????????????????
MR task? CR task?2??????????????????????????????
??????cosine similarity (Mars et al., 2016)??????
sim(A, B) =
∑
i, j ai, j × bi, j√∑
i, j(ai, j)2 ×∑i, j(bi, j)2 (2.4)
???? A??? B??MR task? CR task?????????????????????
?????ai, j??? bi, j??A, B????????????? i? j?????????
???????? 2???????? cosine similarity???????????????
(1) switch trial???? laterality?????? (mental rotation task: left hand vs right hand
/ command-to-response task: left angle bracket vs right angle bracket)
(2) ??? laterality????????????? (left hand vs left angle bracket / right hand
vs right angle bracket)
??????????????????
?????????????? z-wPLI???????????????? Lachaux et al.
(1999)??????? surrogate data method??????????????????????
surrogate data method?????????????? cluster-average? z-wPLI??????
????????????????
(1).????????????? channel??????????????????????
?? wPLI??????????? channel-pair???
(2). 1. ????? z-socere??????????
28 ? 2? ??????????????? α?????????????
(3). 2.???????????????????????
(4). 3. ?????????????? cluster-averaged z-wPLI?????????????
?????????? z-wPLI?????????????????????
(5). 1.?? 4.???? 50?????
????????????? 15,000?????????????????????.
?????????? p = 0.05?????????????????? cluster? cluster-
averaged z-wPLI??????????????????????????????????
?????????????????????????????????? false discovery
rate (FDR) method (Benjamini and Hochberg, 1995)?????????????????
2.3 ??
2.3.1 ??????????
???????????????????????????????????????
????????????? RT??????
? 2.3A???????????????? switch/repeat?????? RT??????
???? (???????: switch /???????: repeat)??????????????
??????????????????????? 0◦???????????????RT
???????????Switch/repeat?? RT????????????????????
?????????????? 2.3A???????????????RT????????
???????????????????? (Cooper and Shepard, 1975; Kosslyn et al., 1998;
de Lange et al., 2006; Thayer and Johnson, 2006; ter Horst et al., 2010; Horst et al., 2012)???
???????????????????????????????????? (????)
?????????????
?????? (trial????????????)??RT???????????????3
?????????????????????????????????????????
???? (trial??: F(1, 691) = 51.73, p < 0.0001, ηp = 0.070,????: F(6, 691) = 36.17,
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p < 0.0001, ηp = 0.239; ????: F(1, 691) = 10.48, p < 0.01 ηp = 0.015, by three-way
ANOVA).
????MR task? CR task?? RT???????????????????????
????????? RT?????????????????????????????
????????????????? paired t-test??????????????????
?? 2.3B?????????????????????????????? RT????
??????CR task??????? RT (?? ±????; switch trials: 0.6860 ± 0.0117 s,
repeat trials: 0.5922± 0.0147 s)??MR task???????RT (switch trials: 1.0880± 0.0316
s, repeat trials: 1.0023 ± 0.0277 s)??????????????????????????
??? 2.3B????????????????????????????? false discovery
rate (FDR)?????????? p??????????????p < 0.05 (???)???
??????????
???? ??? ??? ? ?? ?? ???
???
???
?
???
???
???
angle (°)
m
e
a
n
 R
T
 (
s
)
 
 
Switch
Repeat
A
Switch Repeat Switch Repeat
???
?
???
*
*
*
*
*
*
m
e
a
n
 R
T
 (
s
)
B
MR task CR task
? 2.3 ??????????. (A) Mental hand rotation????????????????
??RT (?: repeat trial,?: switch trial). (B) Command-to-response????????
??? RT. MR task: Mental hand rotation???CR task: Command-to-response??.
Asterisks (*): P < 0.05 (paired t-test with FDR correction). ?????: ????.
30 ? 2? ??????????????? α?????????????
2.3.2 ???????
2.3.2.1 ????????????
???????????????????????????????????????
????????????????????????????????????????
??MR task??????? 2.4???? 2.5????? 2.4? switch trial???????
????????????????????????? 2.5? repeat trial????????
??? 2.4– 2.5A, B????????????????????????????????
?????????? 2.4– 2.5C, D?????????????????? z-wPLI???
???? stimulus-locked averaging (???????? 0????????????)???
response-locked averaging (?? RT??????? 0????????????)????
????????????????????????????????????????
???????? z-wPLI???????????????? (????: p < 0.05 with FDR
correction)????????????????????????????switch trial???
repeat trial???????????????????????
????????????switch/repeat?????????????????????
?????????????????????????????? (left: switch, cluster 1,
? 2.4A / right: switch, cluster 2,? 2.4B / left: repeat, cluster 2,? 2.5A / right: repeat, cluster 1,
? 2.5B)?stimulus-locked averaging??? z-wPLI??????????????????
????????????????????????? 0.5s?????????? z-wPLI
?????? (???????????)?????? (left: switch, cluster 1,? 2.4C / right:
switch, cluster 2,? 2.4D / left: repeat, cluster 2,? 2.5C / right: repeat, cluster 1,? 2.5D)?
???response-locked averaging??? (? 2.4C, D???? 2.5C, D???)?????
???????????????????????????z-wPLI??????????
??? (???????????????)?????????????????????
???????switch trial?????????????????????????????
???????? (C3, Cz,??? C4)?????????????????? (Left switch,
cluster 1, 3, and 4 in? 2.4A / Right: switch, cluster 1, 2, and 3 in? 2.4B)?????repeat trial
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????????????? (Left repeat, cluster 1 and 2 in? 2.5A / Right: repeat, cluster 1
and 3 in? 2.5B)?????????????????????????????????
?????????????????????????? 2?????????????
????????????????????????????????????????
??????????????????????????
repeat trial????????????????????? 0.5s????????????
???????????????? (Left repeat, cluster 4 / Right: repeat, cluster 2 and 4)?
????switch trial???repeat trial???????????????????????
????????????????????????????????????????
?? Pz-P4??????? (Left: switch,? 2.4A? cluster 8; Right: switch,? 2.4B? cluster
7)??????? z-wPLI??????????????????????????????
???????????? (????????????)????response-locked averaging
????????????????????????????????????????
?????????????????????????? (the lower panel in? 2.4 C, D)?
????????????????? switch???????????????
32 ? 2? ??????????????? α?????????????
clus. 1
Alpha
Left(switch)
A
clus. 3 clus. 4 clus. 5 clus. 7 clus. 8
clus. 1
Alpha
Right(switch)
B
clus. 2 clus. 3 clus. 6 clus. 7 clus. 8
0 2 4 6 8 10
Node degree
0 0.5 1
???5
??
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1.5
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????????????????? ???????????
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w
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w
P
L
I 
(z
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)
? 2.4 ?????????? (MR task: switch trial, Alpha??). (A)??????????
??? (left switch trial, 8????? 6???????). (B)???????????
?? (right switch trial, 8????? 6???????). ?????????????
??????????????? (????? Edge??). (C) Cluster?? z-wPLIs
(upper panels: stimulus-locked average; lower panels: response-locked average). ???
????? (P < 0.05 with FDR correction)???.
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clus. 1
Alpha
Left(repeat)
A
clus. 2 clus. 4 clus. 1
Alpha
Right(repeat)
B
clus. 2 clus. 3 clus. 4
0 2 4 6 8 10
Node degree
0 0.5 1
???5
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duration (s)
????????????????? ???????????
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D
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w
P
L
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o
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w
P
L
I 
(z
-s
c
o
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d
)
? 2.5 ?????????? (MR task: repeat trial, Alpha??). (A)??????????
??? (left repeat trial, 5????? 3???????). (B)???????????
?? (right repeat trial, 4????? 4???????). ?????????????
??????????????? (????? Edge??). (C) Cluster?? z-wPLIs
(upper panels: stimulus-locked average; lower panels: response-locked average). ???
????? (P < 0.05 with FDR correction)???.
34 ? 2? ??????????????? α?????????????
2.3.2.2 ????????????????
?????????? Pz-P4???????MR task???????????????
?????????????????????? CR task???????????????
switch trial???????????????????????????????? 2??
??? 2??????????????????????????????? cosine??
? (Mars et al., 2016)???????????????????????????????
???? switch trial???????????
(1).???????? (mental rotation task: left hand vs right hand / command-to-response
task: left angle brackets vs right angle brackets)
(2).??????? (left hand vs left angle brackets / right hand vs right angle brackets)
???1??????????????? (? 2.6)?????????????????
??????? switch trial????????????????????????????
???MR task???? (left hand vs right hand)????? 2.6A ? CR task???? (left
angle brackets vs right angle brackets)????? 2.6C?????????????????
?????????????????????????????????????????
?????????????????????????????????????????
? 2.6B, D???MR task??? CR task??????????????????????
?????????????????????????????? z-wPLI???????
????????????????????? 2.6B, D????MR task????????
??? switch??????????????????????? Pz-P4????????
?????????????????????????????? (Pz-P4?)?? switch?
????????????????????????????????????????
????? (? 2.6B)????CR task???????????????????????
???????????????????????????? (? 2.6D)?
?? 2??????????????? (? 2.7)??????????????????
???????? switch trial?????????????? 2?????????????
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????????????????????????????????????????
?????? A, B???? (left hand vs left angle bracket)??????????????
?A?????????? B???A???????????????????????
??????????????????? C, D???? (right hand vs right angle bracket)
??????????????????????B??????????2???????
????? Pz-P4???????????????????????? D???????
????????2???????????? switch?????????????????
?????????????
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A
C
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Mental hand rotation task : switch
Command-to-response task : switch
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Left(switch): clus. 6
Right(switch): clus. 1
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Left(switch): clus. 8
Right(switch): clus. 7
Left(switch): clus. 5
Right(switch): clus. 8
clus.1 clus.3 clus.4 clus.5 clus.7 clus.8
c
lu
s
.1
c
lu
s
.2
c
lu
s
.3
c
lu
s
.6
c
lu
s
.7
c
lu
s
.8
Left (switch)
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)
? 2.6 ??????????????? 1 (switch trial). (A) cluster-by-cluster??? (Mental
hand rotation???left hand vs right hand). (B)?????? cluster???????
???. (C, D) Command-to-response????????.
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A
C
Similarity
0.0 1.00.2 0.4 0.6 0.8
Similarity
0.0 1.00.2 0.4 0.6 0.8
Mental hand rotation vs Command-to-response task : switch
D
B
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Right(swtich, MR): clus. 2
Right(switch, CR): clus. 1
Left(switch, MR)
clus. 8
Left(switch, CR)
clus. 4  
Cosine Similarity : 0.58
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Left(switch, MR): clus. 8
Left(switch, CR): clus. 4
? 2.7 ??????????????? 2 (switch trials; Mental hand rotation ?? vs
Command-to-response ??). (A) ????? cluster-by-cluster ????????
(switch trial; left hand vs left angle bracket). (B) ?????? cluster??????
???? (switch trial; left hand vs left angle bracket). (C, D) right hand vs right angle
bracket??????. MR: Mental hand rotation??, CR: Command-to-response??.
38 ? 2? ??????????????? α?????????????
2.4 ??
???????????????????????? (MR task or CR task) ?????
switch-related??????????????????????????????????
?????????????????????????????????????????
??????????????????????????????Helmich et al. (2009)?
????????????????????????????????????????
MR task?????????????????????????????????????
????????????????????????????????????????
?????????????????????????????MR task??? CR task?
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????????
CR task????????????????????????????CR task???MR
task????? switch-related???????????????????????????
?????????????? 25?????????????????????????
?????????????????????????????????????????
????????????????? (Haaland et al., 2004)??????????????
????? (?????????????????)?????????????????
?????????????????????????????????? (Martin et al.,
2011)??????????????????????????????????????
??????????? (Agnew and Wise, 2008)???????????????????
?????????? (???)??????????????????????????
????????????????????? switch-related?????????????
???????????????MR task?????????????????????
???????????????????????????????CR task????task
???????????? (?)????? (?)???????????????????
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??????????????? (?)????? (?)????????? (????)??
task??????????????????????????? (Haaland et al., 2004)??
??CR task?????????????????????????????????MR
task???????????? task??????????????????? (?)????
? (?)?????????????????????????????task??????
?? (?)????? (?)?????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????
???MR task? CR task???????????? (????)???????????
????????????????????????MR task?????????????
???????????????????????????????????????CR
task???????????????????????????????????????
????????????????????????????????????????
????????? E??????????????????????????????
????????????????????????????????????????
?????????????2.3.2????????????? E???????????
?????????????????hand laterality?? (left or right)? trial?? (switch
or repeat)????????????????????????????????????
???????????????MR task??? CR task??????? inter-occipital?
occipito-parietal, occipito-frontal????????? (? E.1, fS12??)?????????
????????????????? (MR task: clusters 4?5?? E.1A / CR task: clusters
1?2?? E.1B).????MR task??????????? task????????????
??????????? E.1A? cluster 7????? occipito-parietal?????????
???????? E.1C???????????????????? task-onset (t = 0?,
stimulus-locked average???????)???????????????????????
?????????????-?????????????????????????MR
40 ? 2? ??????????????? α?????????????
task???????? cluster (e.g., clusters 1, 2??? 9?? E.1A)???????????
????????????????????????????? E.1C?????????
? clusters 1, 2??? 9??????????????????????????????
????? (?? response-locked average???????)???????????????
????????????????????????????????????????
???????????????????Pz – P4????? (???????)?????
MR task??? CR task??????????????????????????????
???2.3.2??????????? Pz – P4????? (???????)????? switch
trial????????????????????????????????????2.3.2
???????????????????? task??????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
switching task?????????????????
??????????MR task?CR task?????????????????????
?????????????????????2?? task???????????????
????????????????????????????????????????
???????????????????????????????????Kenner et al.
(2010)????????????????????????????Kenner et al. (2010)??
response-switching task?Go/NoGo task???????????????????????
????????????????????????????????????????
?????????????????????????? response-switching (????)?
Go/NoGo (??)?????????????????????????????????
????????????????????????????????????????
??????????????????????? Simon??????????????
?????? (Treccani et al., 2017)??????????????????????????
?????????????????????????????????????????
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??????????????????????? switch-related???????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????Kenner et al. (2010)???
????????????????????????????????????????
????????????????????????????????????????
??????????????????Philipp et al. (2013)??????????????
?????????Philipp et al. (2013)???????????????????????
?????????????????????????????????????????
???????????????????????? “response modality”????????
????????????????????????????????????????
(“stimulus category”)????????????????????????????????
??????????MR task? CR task???“stimulus category”?????? “response
modality”???????????????????switch-related???????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????
???????,?????????switch trial????????????????MR
task?????????????????????? (Helmich et al., 2009)??MR task?
????????????????????????????????????????
????????????
2.5 ???
???????????????????????????????????????
????????????????????????????????????????
???????????????????????? switch-related??????????
42 ? 2? ??????????????? α?????????????
????????????????????????????????????????
????????????????????? Helmich et al. (2009)?????MR task?
????????????????????????????????????????
???????????????????????
???????????????????????????????????????
??????????????????????????????????????
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?3? ?????????????????
??????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????
3.1 ????
??????????????????????????????????? (Viviani
and McCollum, 1983; Viviani and Flash, 1995; Sartori et al., 2013; Flash et al., 2013; Viviani and
Terzuolo, 1982)?????? 3.1??????????????????????????
????????????????????????????????????????
?????? (Viviani and McCollum, 1983; Viviani and Flash, 1995)???????????
???? 3.1????????????????????????????????? (?
???????????? small loop??????????? large loop???)?????
????????????????????????????????????????
????????????????????????????????????????
?????????????????? Flash et al. (2013)??????????Flash et al.
(2013)????????? (Flash and Hogan, 1985)?????movement speed?movement
size???????????????????????????????????????
????????????????????????????????????????
??????????????????
???????????????????????????? (Flash and Hogan, 1985;
44 ? 3? ???????????????????????????????
Edelman and Flash, 1987; Kyriakopoulos and Saridis, 1988) ????, ?????????
? (Uno et al., 1989; Kawato et al., 1990),???????? (Dornay et al., 1996; Naoki et al.,
2016)??????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????? (????????? (Edelman and Flash,
1987))??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????
???????????????????????????????????????
?? (Wada and Kawato, 1993; Nakano et al., 1999; Wada et al., 2001; Wada and Kawato, 2004)?
???????? (Wada and Kawato, 1993; Nakano et al., 1999; Wada et al., 2001; Wada and
Kawato, 2004)????? 2????????????????????????????
?????????????????????
(1).???????????????????
(2).???????????????????????????????
?????Wada?????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
???????????????????? (???DCTC: duration average of commanded
torque change???)?????????????????????????? (Wada and
Kawato, 2004). ??? 2?????? (Saito et al., 2006; Saito and Wada, 2006)???Wada
?????????????????????????????????????????
?????????????????????????????????Wada? (Wada and
Kawato, 1993; Nakano et al., 1999; Wada et al., 2001; Wada and Kawato, 2004)???????
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????DCTC??????????? 3.1?????????????????? 3.1?
?????????????????????? (large loop??? small loop)?????
???????????????DCTC???????????????????????
??????????? (Saito et al., 2006; Saito and Wada, 2006)?????????? 3.1
????????????????????????????????????????
?????????????? (Saito et al., 2006; Saito and Wada, 2006)?????????
????????????????????????????????????????
??????????
???????????????????????????????????????
????????????????? (8????????? 2????????) (Viviani
and McCollum, 1983; Flash et al., 2013)?????large loop??? small loop??????
?????? DCTC???????????????????????????????
???? (Saito et al., 2006; Saito and Wada, 2006)????????? 3.1????????
???large loop??? small loop??????????????????DCTC????
???????????????????????????????????????
???????Wada and Kawato (2004)??????????????????????
?????????????????????????? loop (large loop??? samll loop)
??????????????????????? loop?????????DCTC???
??large-small loop???????????????????????????????
???
46 ? 3? ???????????????????????????????
3.2 ?????
???????????????????????? (Nakano et al., 1999; Wada et al.,
2001)?
Cτ =
∫ T
0
K∑
k=1
(
dτk
dt
)2
dt
=
∑
i
Ci =
∑
i
∫ ti
ti−1
K∑
k=1
dτkidt
2 dt
(3.1)
????Cτ???????????T ????????????, K??????, τk??
k???????? (k = 1 : shoulder / k = 2 : elbow), Ci??? ti?? i?? (i = 1, 2, ..., n)
?????????????????????????????????????????
?????????????????????????????????????
Wada et al. (2001)???????????????????????????????
????????????????????????????????????????
???????????????????
(1).???????????????????
(2).?????????????????????????????????
?????Wada et al. (2001)????????????????????????????
????????????????????????????????????????
??????????????
DCTCviai =
1
ti − ti−1
∫ ti
ti−1
K∑
k=1
(
dτk
dt
)2
dt =
Ci
di
(3.2)
C1
d1
= · · · = Cn
dn
(3.3)
????DCTCviai (= Ci/di)? i??????????DCTC (?????????????)
????di?Ci ??????i − 1???? i????????????????????
??????????? (???????????)??????????????????
????????????????????????????????????????
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?? DCTC???????????????????????????????????
DCTC??? ( (3.3)?)???????? 3.1???? (3.3)???? (3.4)???????
??????????? (Saito et al., 2006; Saito and Wada, 2006)?
DCTCSmall =
CSmall
dSmall
=
CLarge
dLarge
= DCTCLarge (3.4)
????’small’???’large’? small??? large loop??? (? 3.1??)?(3.3)????
(3.4)???????????????????????????????????
????? 1?? n??????????????? small??? large loop? 2?? loop
?????????? p??????????????????????? small???
large loop? 2?? loop??????????????????
C1
d1
=
C2
d2
= . . . =
Cp−1
dp−1
=
Cp
dp
= . . . =
Cn
dn
(3.5)
Small loop
C1 = αC2, d1 = αd2
C1 = βC3, d1 = βd3
...
C1 = xCp−1, d1 = xdp−1
(3.6)
Large loop
Cp = γCp+1, ds = γdp+1
Cp = ζCp+2, ds = ζdp+2
...
Cp = yCn, ds = ydn
(3.7)
?????α, β, ..., x? γ, ζ, ..., y??????????????????????????
??? (3.5)??? (3.7)???? C1/d1??? Cp/dp????????????????
48 ? 3? ???????????????????????????????
?????????
C1 +C2 + · · · +Cp−1
d1 + d2 + · · · + dp−1 =
(1 + 1/α + 1/β + · · · + 1/x)C1
(1 + 1/α + 1/β + · · · + 1/x)d1 =
C1
d1
(3.8)
Cp +Cp+1 + · · · +Cn
dp + dp+1 + · · · + dn =
(1 + 1/γ + 1/ζ + · · · + 1/y)Cp
(1 + 1/γ + 1/ζ + · · · + 1/y)dp =
Cp
dp
(3.9)
C1
d1
=
Cp
dp
C1 +C2 + · · · +Cp−1
d1 + d2 + · · · + dp−1 =
Cp +Cp+1 + · · · +Cn
dp + dp+1 + · · · + dn
∴ CSmall
dSmall
=
CLarge
dLarge
(3.10)
= ... =
C1 C8
d d81
CSmall
d
Small
=
CLarge
d
Large
1
2 3
4
5
6 7
8
Small
Large
? 3.1 ?????????????????(3.5)?????????????Small loop
??? Large loop???????? DCTC??? (CLarge/dLarge = CSmall/dSmall)?
??????????????
?????????????? (Saito et al., 2006; Saito and Wada, 2006)????????
?????????????????????????????????????????
????????????????????????????????????????
???????????? 3.1?????? (???????? 2?? loop??DCTC??
????)????????????????????????????????? (Saito
et al., 2006; Saito and Wada, 2006)?????????????????????????
??????
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3.3 ????
3.3.1 ???
?????? (??)?? 15????????? (????:22?????)??????
?????????????????????????????????????????
????????????????? (2008??)????????????????
3.3.2 ????
?????????? 3.2???????????????????????????
????????????????????????????????????????
????????????????????????????????????????
(? 3.2)?
Optotrack
Air Sled
Monitor
Subject
x axis
y axis
Infrared 
     marker
Cursor
? 3.2 ?????????
3.3.3 ????
?????????2????????????? (2??????8????)????
????????????????????? small loop? large loop?????????
????????????????? 3.3?????? 2??????? 2???8???
??? 3????? 5??????????????????????????
????????????????????????????????????????
????????????????????????????????????????
50 ? 3? ???????????????????????????????
?????????????????? (? 3.2)???????????????????
???????????????????large loop?? small loop??????????
????????? 10???? 5?????????????????????? 10?
???????????????????? 5????????????????????
????????????????????????????????????????
????? 1??????????????????????????? 30?????3
??????? (????30?? = 10?? × 3??????????????)?????
100mm
100mm
r = 1 r = 2 r = 3
r = 1.5 r = 3
40mm
B
A
Beginnig/Ending point
Via point
?
? 3.3 ????????????(A) 8??????? (r = 1.0, 2.0, 3.0). (B) 2?????
??? (r = 1.5, 3.0).
3.3.4 ????
3.3.4.1 ???
?????????????6???????????????? (cut-off???: 10Hz)
???????????????????????????? (????????????)
??????? (????????????)????????????????????
????????????????????????????????? 5%?????
??????? onset? 10????????????????????????????
????????????????????????????????????????
????????????????
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3.3.4.2 ??????????
???????????????????????????????????????
?????????????????????????????????????? (τ1, τ2
)??????
τ1 = (I1 + I2 + 2M2L1S 2 cos(θ2) + M2(L1)2)θ¨1
+ (I2 + M2L1S 2 cos(θ2))θ¨2
− (M2L1S 2(2θ˙1 + θ˙2))θ˙2 sin(θ2) + B11θ˙1 + B12θ˙2
τ2 = (I2 + M2L1S 2 cos(θ2))θ¨1 + I2θ¨2
+ M2L1S 2(θ˙1)2 sin(θ2) + B21θ˙1 + B22θ˙2
, (3.11)
????θi?θ˙i???? θ¨i (i = 1, 2)?????????????????????????
???Mi, Li, S i, Ii??? Bi j???????????????????????????
????? i???????????????????? (i = 1, 2/ j = 1, 2)?????? 1,
2 (i = 1, 2???? j = 1, 2)????????????????
?????????? Li????????????????????????????
????Li??????Mi, S i???? Ii???????? (Nakano et al., 1999)????
????????????? Bi j??????Gomi and Osu (1998)??????????
??????????
[B11, B12(= B21), B22] = [−0.63 + 0.095τma1 ,
0.175 + 0.0375τma2 ,
0.760 + 0.185τma2 ], Nm/(rad/s)
(3.12)
??????????? τma1 ??? τma2 ???????????? (3.11)????????
??????????????????????
????????????????????????????????? 3.1????
52 ? 3? ???????????????????????????????
? 3.1 ??????????????? (?????? ±SD???)?????????
??????? Gomi and Osu (1998)??? Nakano et al. (1999)?????????
Mi, Li, S i, Ii??? Bi j??????????????????????????
?????? i?????????????????????
Link 1 Link 2
Li [m] 0.2725 ± 0.0236 0.3262 ± 0.0200
Mi [kg] 1.3456 ± 0.1284 1.0576 ± 0.0592
S i [m] 0.1017 ± 0.0097 0.1596 ± 0.0089
Ii [kg m2] 0.0220 ± 0.0065 0.0406 ± 0.0068
B11, B22 [kg m2/s] 0.7631 ± 0.0607 0.8440 ± 0.0396
B12, B21 [kg m2/s] 0.1920 ± 0.0080 0.1920 ± 0.0080
3.3.4.3 ???????? loop???
Small loop???Large loop????????????????????Wada and Kawato
(2004)??????????????????????????????????????
????????? 4??????????????????? (???Wada and Kawato
(2004)???????)?
Step 1 ??????????????????
Step 2 Forward Inverse Relaxation Model (Wada and Kawato, 1993)??????????
Step 3 ??????????????????????????????? (???Wada
and Kawato (2004)???)
Step 4 ??????????????????????????????????????
????????????? (???Wada and Kawato (2004)???)
?????? (3.5)???? (3.7)?????????????????????????
?????????????????????????????????????????
??????????? (i.g. ????????????????????)??????
?????????????
???????????????????? cycle???????? small loop???
large loop?????????????????????????????????? cycle
????????????????????????????????????????
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?????????????????????????????????? rd?DCTC?
rτ????????????
3.3.4.4 ?????
small loop??? large loop??????????????? loop???????????
? loop?? cycle???????????????????small-large loop???????
??????????????????????????????? loop???????
????????? cycle?????????
rd =
1
3
4∑
k=2
tL,k
tS ,k
(3.13)
????tS ,k ??? tL,k ??? k cycle???? small??? large loop????????
(k = 2, 3, 4)???????????????????? 5cycle????????????
?? cycle (????k = 1??? k = 5)???????????????????????
???????????????????????
3.3.4.5 DCTC?
??????? (τ1, τ2)??????????????? (DCTC)????? (3.6)??
?? (3.7)?)????large/small loop??? DCTC??????????????????
????? DCTC ratio??????
rτ =
1
3
4∑
k=2
CL,k
CS ,k
(3.14)
??? CL,k ??? CS ,k ? cycles k(= 2, 3, 4)???? large??? small loop????DCTC
?????. ???DCTC??????????????????? trial????????
??????????????
54 ? 3? ???????????????????????????????
3.3.4.6 2?? t????? two one-sided t?? (TOST)
????? r??????? rd??? rτ?????????????????????
??????? 2?? t????? two one-sided t?? (???TOST)??????2?? t
??? 2??????????????????????????two one-sided t??? 2
????????????????????????????????????????
?????????? r???? rτ?????? (?????????????????)
?????????????????
???rd ??? rτ???? 2?? t???????????????????????
? tdi f f ???????????????
tdi f f =
M¯1 − M¯2
σ
√
1
n1
+ 1n2
,
σ =
√
(n1 − 1)SD21 + (n2 − 1)SD22
n1 + n2 − 2
(3.15)
????n1??? n2???????????????????M¯1??? M¯2??????
??????????????σ? 2?????????????
????rd?rτ ??????????? TOST??????????????????
???????TOST????????????? r∗ (∗????? d???????? τ
?????)??????? (1 − 2α) × 100%???????????? [−δ, + δ]???
????????????? α????????????????? (Lakens, 2017)???
??TOST???2??????????????? 2???? t???????????
????
- 2????????? lower boundary −δ???????????? (????)
- 2????????? lower boundary +δ???????????? (????)
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TOST???????????????????? (Lakens, 2017):
tL =
M¯1 − M¯2 − (−δ)
σ
√
1
n1
+ 1n2
, and tU =
M¯1 − M¯2 − (+δ)
σ
√
1
n1
+ 1n2
σ =
√
(n1 − 1)SD21 + (n2 − 1)SD22
n1 + n2 − 2
(3.16)
??????????TOST?????????? [−δ, + δ]??δ = 0.3?????????
???????????? 2????? t????????? rd?rτ?????????
???? r????????????????????????????????????
?????????2?????? 8????????? task????????????
? r∗?????????????? (8????: r∗|r=1.0 vs r∗|r=2.0, r∗|r=1.0 vs r∗|r=3.0, r∗|r=2.0 vs
r∗|r=3.0; 2???: r∗|r=1.5 vs r∗|r=3.0). ????r∗????????????????????
??????????8??????????????????????????????
??????????false discovery rate method (FDR)??? p????????????
??? (Benjamini and Hochberg, 1995)?
3.4 ??
3.4.1 ??????DCTC?
???????? r???????????????????????????????
?? rd ??? rτ ??????? 3.4??????? r???? rd ??? rτ ??????
(? 3.4A: rτ?8????????B: rτ?2?????????C: rd?8????????D:
rd?2????????)?????????????????????????????
?????????rd?????? r?????????????????? (rd = 1.0?2.0;
? 3.4C, D)????rτ??????? r??????????????????? (? 3.4A,
B). rτ?????????8????????? 1.2?1.6?2?????????? 1.0?1.1
????
56 ? 3? ???????????????????????????????
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? 3.4 ????? r????DCTC? rτ???????? rd????(A, B) 8?????
2????????????? rτ????(C, B) 8????? 2????????
????? rd ??????? (o)?????? rτ??? rd ??????????
? (+)??????????????????????????????????
???
3.4.2 ???????
????? r??????? rτ ??? rd ?????????????????????
rτ??? rd???????????? 2?? t?? (2?? t????? TOST)??????
???rτ???????????????? 3.2???????????? t?????
??????????2?? t????? TOST? 8??????? 2?????????
???? rτ????????????????????????? 3.5???TOST???
?????????????? 3.2??????2?? t???????????????
??????????????????????????????????TOST????
????????? p < 0.03???2???????????????????? r???
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???? rτ???????????????? 3.5?????????? rτ|r=1.5 vs rτ|r=3.0?
???????rτ????????????????????????? [−δ, + δ]???
????????????????????? 8???????????????????
????????????????????????????????????????
???????????????????????
????rd??????????????????? 3.3? 2?? t????? TOST?
????????????????? 3.6?? TOST?????????????????
???? rτ?????????????????????????????? 3.3? 2??
t??????????????????????????????????????? r
???? rd ???????????????????????TOST?????????
????????????????????? 3.6??????????????????
????????? rd???????????????????? [−δ, + δ]??????
???????????
????????????? rd????????????????????????? r
??? rd???? (large loop??? small loop???????????)????????
? (? 3.3)??????DCTC? rτ??2???????? 8?????????????
?????????????????????? (? 3.2, 2?? t??)??? 2?????
?????????? p < 0.03?????rτ?????? r?????????????
????????????????? (? 3.5)????????? 3.5??????8??
????????????????? rτ?????????????????DCTC??
???????????????????????????????????
? 3.2 DCTC? rτ????????.
Figure-eight
two sample t-test two one-sided t-test (TOST)
tdi f f (28) pdi f f significance tL (28) tU (28) max ([pL, pU]) significance
rτ|r=1.0 vs rτ|r=2.0 -2.0788 0.0235 n.s. (FDR) 0.6963 -4.8538 0.2460 n.s. (FDR)
rτ|r=1.0 vs rτ|r=3.0 -2.1704 0.0193 n.s. (FDR) -0.3409 -4.0000 0.6321 n.s. (FDR)
rτ|r=2.0 vs rτ|r=3.0 -0.7018 0.2443 n.s. (FDR) 0.9033 -2.3069 0.1870 n.s. (FDR)
Double-ellipse
two sample t-test two one-sided t-test (TOST)
tdi f f (28) pdi f f significance tL (28) tU (28) max ([pL, pU]) significancerτ|r=1.5 vs rτ|r=3.0
-0.0130 0.4949 n.s. 2.2959 -2.3219 0.0147 p < 0.03
58 ? 3? ???????????????????????????????
−1 0 1
Figure−eight: r
τ | r = 1.0 vs rτ | r = 2.0
Mean of differences
Figure−eight: r
τ | r = 1.0 vs rτ | r = 3.0
Figure−eight: r
τ | r = 2.0 vs rτ | r = 3.0
 
 
Double−ellipse: r
τ | r = 1.5 vs rτ | r = 3.0
Mean of Differences
90% confidence interval
95% confidence interval
? 3.5 DCTC? rτ???? TOST???????????????????? rτ???
???????rτ|r=n?????? r = n????DCTC????????????
??????? 90%??? 95%??????????????? TOST????
?????? [−δ, + δ] (δ = 0.3)????
−1 0 1
Figure−eight: rd | r = 1.0 vs rd | r = 2.0
Mean of differences
Figure−eight: rd | r = 1.0 vs rd | r = 3.0
Figure−eight: rd | r = 2.0 vs rd | r = 3.0
 
 
Double−ellipse: rd | r = 1.5 vs rd | r = 3.0
Mean of Differences
90% confidence interval
95% confidence interval
? 3.6 ????? rd ???? TOST???????????????????? rd ??
????????rd|r=n ?????? r = n??????????????????
????????? 90%??? 95%??????????????? TOST??
???????? [−δ, + δ] (δ = 0.3)????
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? 3.3 ????? rd????????.
Figure-eight
two sample t-test two one-sided t-test (TOST)
tdi f f (28) pdi f f significance tL (28) tU (28) max ([pL, pU]) significance
rd|r=1.0 vs rd|r=2.0 -20.4382 1.1479 × 10−18 p < 0.01 (FDR) -9.8352 -31.0413 1.0000 n.s. (FDR)
rd|r=1.0 vs rd|r=3.0 -28.1839 2.1381 × 10−22 p < 0.01 (FDR) -19.8358 -36.5319 1.0000 n.s. (FDR)
rd|r=2.0 vs rd|r=3.0 -10.0053 4.7569 × 10−11 p < 0.01 (FDR) -3.0980 -16.9125 0.9978 n.s. (FDR)
Double-ellipse
two sample t-test two one-sided t-test (TOST)
tdi f f (28) pdi f f significance tL (28) tU (28) max ([pL, pU]) significancerd|r=1.5 vs rd|r=3.0
-11.5288 1.9050 × 10−12 p < 0.01 -4.6142 -18.4434 1.0000 n.s.
3.5 ??
???????????????????????????????????????
????????????????????????????????????????
???????????????????????? (Wada and Kawato, 2004; Saito et al.,
2006; Saito and Wada, 2006)????2?????? 8????????????????
2??????????????????????????? 2???????????
?????????????????? DCTC???????????????????
???????????????????????????????????large loop?
small loop????????????????????? (DCTC)???????????
? (????????? rd???DCTC? rτ)????????????????DCTC?
????????????????????????????2????????????
???????????????? r?????? loop??DCTC??????????
???????????? (Saito et al., 2006; Saito and Wada, 2006)??????????
???????????????????????DCTC???????????????
??????????????????????????? (??????????DCTC
??????????????????)??????????????????????
??????????????????? 3.5??????8?????????????
DCTC???? (???)?????????????????????????????
????????????????????????????????????????
??????????? limitation????????????????????????
???????????
60 ? 3? ???????????????????????????????
3.5.1 ??????????????????
???????????????????????????????????????
?? (Viviani and McCollum, 1983; Sartori et al., 2013; Flash et al., 2013; Viviani and Terzuolo,
1982)?????????????????? 2???????????????????
???????????????????????????1????????????
???????????????????????????????????? (Viviani
and Flash, 1995)??????????????????????????????????
?????????????????large loop??? small loop???????????
??????????????? r?????????????????????????
? 3.4????????? r?????????? rd ????????????????
????????rd ? r???????????????????????? Viviani and
Flash (1995)???????????????????????????????????
???????????????????????????
?????2????? t?? (2?? t????? TOST)?????DCTC? rτ???
????? rd ??????????????????? r??????????????
????????????????????????????????????????
? 3.1??????????????????????????????????????
????????????????2????????????????????????
? r???? DCTC? rτ????????????? (? 3.2???? 3.5??)????
??? 3.1????????????????
????????8???????????????????? rτ?????????
????????????????????????? (? 3.2??)??????????
??????????????????????????????? 3.4A????????
8????????????????? r?????????rτ????????????
???????????????????????????8?????????????
????????????????????????????????? r = 3.0????
8?????? 1 cycle?????????????? Cτ (??????????????
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???)???????????????????? 3.7???????????????
???????????????????????? Cτ??????????????1
cycle??????????????????????? Cτ?????????????
????????????????????????????Cτ???????????
???????????????????? 1 cycle??????????? 1.5????
???????????Cτ????????????????????????????
???DCTC??????????????????????????????????
???????????????????????????DCTC???????????
???????????????????????8?????????DCTC?????
????????????????????large loop? small loop??????????
??????????????2?????????? 2?? loop??????????
??????????????8????????????? loop??????????
????????8?????????????????????????? loop???
????????????????????????? loop?????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????? 8????????????????????
?????? limitation????????
3.5.2 ????????
????????????????????????????????????????
????? (DCTC)????????????????????????????????
?????????????????????????????????????????
?????????????? (Viviani and McCollum, 1983; Flash and Hogan, 1985; Sartori
et al., 2013; Flash et al., 2013; Viviani and Terzuolo, 1982)???????????????
??????????????? (?????)???????????????????
???
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Figure eight r = 3.0
tcycle
? 3.7 1 cycle??????????????Cτ??? (8????????r = 3.0)???
?? x?? 1 cycle???????? (?????)????y?? 1 cycle????
????Cτ (?????)??????????????????????????
????????Cτ?????????
????????????????????????? 2?????????????1
?????????????????????????????????????????
???????????????? (Viviani and Terzuolo, 1982; Bennequin et al., 2009; Flash
et al., 2013)?????????????????????????????? r????
??????? r¯????????????????????????? r? r¯?????
?????????????????????????????????????????
????????????????????????????????Huh and Sejnowski
(2015) ???????????????????????????? 1/3???????
????????????????????????????????????????
?????????????????????????????????? 2?????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????? Task-oriented???????????
????????????????????????????????????????
?? (Edelman and Flash, 1987; Kyriakopoulos and Saridis, 1988; Uno et al., 1989; Viviani and
Flash, 1995)???????????????????????????????????
?????????????????????????????????????????
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????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????? (?????)???????????????????????
????????????????????? (Viviani and Terzuolo, 1982; Bennequin et al.,
2009; Flash et al., 2013; Huh and Sejnowski, 2015)???????????????????
????????????????????????????????????????
???????????????????????????????? r????????
? r¯???????????????????????????????????????
?????????
????????????? 1?????????????????????????
???????? (Tanaka et al., 2006)???????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????? (Tanaka et al., 2006)??????
?????????????????????????????????????????
?????????????????????????????????
3.6 ???
??????2 ?????????????2 ?? loop ??????????????
DCTC?????????????????????????????????????
?????????????????? (Saito et al., 2006; Saito and Wada, 2006)????
?????????????????? 3.1?????????????????????
?????????? DCTC???????????????????????????
????????????????????????????????????????
????????????????????????????????????????
64 ? 3? ???????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????
???????????????????? r? DCTC? rτ????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????
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?4? ????
???? 2???? 3??????????????????????????????
??????????????????????????????
4.1 ????????????????
4.1.1 Switch-related??????????????
2??? 2???????????????????????????????????
??????????????????????????????? switch-related???
????????????????????????????????????????
???????????????????
? 2?????????????????????????????????????
?????????????????????????????????????????
?????????Kuramoto model????????????????????????
?????????? (Cabral et al., 2011; Deco et al., 2017a,b)?????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????
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?Kuramoto model (???? and????, 2017; Strogatz, 2014)???????????
????????????????????????
θ˙i = ωi + Bi(t) sin(θi) (i = 1, ..., n) (4.1)
????θi?? i??????????Bi??? t????? i????????????ωi
??????????
(4.1)??????????????????? θi?ωi???????????????
?????????? θ˙i = 0??????????????? (? 4.1)??????? 4.1
??????????? ωi????? Bi???? ωi < Bi??????????????
???? ωi > Bi?????????????θ˙i = 0?????????????????
???ωi????????θ˙i ≡ ωi?????????????????????????
????????????
?
i B
i
(t)
?
i
?
i
?
i
=0 ?????
? 4.1 Kuramoto model?????
?????????Kuramoto model???????????????????????
???????????????????????????????????????
?????2?????????????????????????????????
??????Kuramoto model???????????????????????????
??????????????????Yamaguchi model?????? (Yamaguchi, 2003;
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Kori et al., 2017)??????Kuramoto model????????????????????
????????????????????????????????????????
???????????
θ˙i = ωi +
[
β − Ii(t) − k cos(φ0)] sin(θi) (i = 1, ..., n) (4.2)
????φ0, θi??????????β??????????Ii(t)??? t????????
????
?????????? β????? Ii(t)??????????????????????
β ≡ Ii(t)?????????????? k cos(φ0)???????????????????
???? φ0?????????????? (Yamaguchi, 2003)?????????????
???????????????????????? ii(t)??????????????
????
ωi > β ??, Ii(t) =

β (tx ≤ t ≤ tx+τ)
0 (otherwise)
??????????? tx ≤ t ≤ tx+τ?? β ≡ Ii(t)?????????????????
????????????? (4.2)?? [·]???? k cos(φ0)?????????????
???????
θ˙i = ωi − k cos(φ0) sin(θi) = ωi + k2 {− sin(φ0 + θi) + sin(φ0 − θi)} (4.3)
???????? tx ≤ t ≤ tx+τ???????????????? θi? φ0???????
?????????????????????? (Yamaguchi, 2003)?
????Yamaguchi model??????? Ii(t) = 0????ωi << β???????
θ˙i ≃ ωi + β sin(θi)
68 ? 4? ????
????????? θi???????????????? Kuramoto model???? θ˙i = 0
????????????????????? (????????????)???????
Ii(t) = β???? k cos(φ0) sin(θi)???????????
θ˙i = ωi +
k
2
sin(φ0 − θi) − k2 sin(φ0 + θi)
????θi? φ0??????????????????????? (Yamaguchi, 2003)?
?????????2?? Mental hand rotation task???? switch-related?????
Pz-P4????????Yamaguchi model???????????????????

θ˙Pz = ωPz +
[
β − Iswitch(t) − k cos(θP4)] sin(θPz)
θ˙P4 = ωP4 +
[
β − Iswitch(t) − k cos(θPz)] sin(θP4) (4.4)
??? ?????
???? ???? ???????????
?????
Inter-parietal connectivity
??
? 4.2 Switch-related? Pz-P4???????????????????????????
???? switch??????? Iswitch(t)????????? ((4.4)?)???????
???? 4.2????????????????????? 2??????? switch-related
?????????????????????????????????????????
??????????? (4.4)????? Pz-P4?????????Yamaguchi model??
??????????????????? switch??? (???????????????
????????)?????? Iswitch(t)?????????Pz-P4?? switch-related??
???????????????Pz-P4???????????????????????
??????????????????????????????? (4.4)????? Pz-P4
???????????????????????????????????????
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???????????????? 2??????????????????????
???????????? (???????????????? Task?????????
??)?????????????? 4.2??? (4.4)?????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????? (Kitajo et al., 2007)??????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????
4.1.2 wPLI?Kuramoto model
2???????????????wPLI (Vinck et al., 2011)?????????????
?????????2???????????????????????????????
?????? volume conduction??????????????????????????
???????????????????????? A.1????????????
wPLIi, j =
∣∣∣∣E {ℑ {XiX∗j }}∣∣∣∣
E
{∣∣∣∣ℑ {XiX∗j }∣∣∣∣} =
∣∣∣∣∣E {∣∣∣∣ℑ {XiX∗j }∣∣∣∣ sgn [ℑ {XiX∗j }]}∣∣∣∣∣
E
{∣∣∣∣ℑ {XiX∗j }∣∣∣∣} (4.5)
????i, j??????????Xi?? i????????????????????X∗j
? X j??????ℑ
{
XiX∗j
}
?????????? XiX∗j ?????E {·}????sgn {·}??
??????????????????????????
wPLI?????????????????????????????????????
?????????−pi/2????+pi/2?????????????? (????1)????
?????? zero?????? (????0)????????wPLI? volume conduction?
?????????????????? zero????????????????????
70 ? 4? ????
??????
????Kuramoto model???????? (0, pi/2)??????????????? (Moon
et al. (2015)? supplementary material??)?
????????????? wPLI????????????Kuramoto model????
???? (phase-lock??????)??????????????????2??? wPLI
???????????????????????????????Kuramoto model??
??????????????
4.1.3 Kuramoto model???????????????
???????Kuramoto model?????????????????????????
?????????????????????????????????????????
????????????????????????????????Moon et al. (2015)?
???????????????????????????? 2?????????Neural
mass model??? Limit cycle????? Kuramoto model??????????????
????? (?? H????)?
1) ??? Hopf???????????? Stuart-Landau Equation???
2) ??? 1)???????????????????????????Kuramoto model
???????????
???Moon et al. (2015)????? Supplementary material??????????????
???????Wilson-cowan model??? Neural mass model? Kuramoto model????
????????????????????????????????????????
????????? Kuramoto-type?????????????????????????
?????????? 1)???????????Kuramoto model???????????
?Hopf?????????????????????????????????????
????????????????????????????????????????
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?????????????????????????????????
4.2 ??????????????????
? 3??????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????? (??????????
??????????????????????????????)??????????
????????????????????????????????????? (EMG)
????????????????????????????????????????
?????????
4.2.1 ????
?????????? 4.3 (A:?????B:????????)????
????????????????????????????????????????
???? (? 4.3A)?????????????? 2?? 6????????? 6?? (?
?????????????????????????????)??????? (Trigno
Wireless EMG, Delsys, INC., Massachusetts, USA; sampling frequency: 2000 Hz)?? EMG?
???????
??? (? 4.3B)??? 3????????????????????????????
???????? 3?????????? (Optotrak Certus, Northern Digital Inc., Waterloo,
Canada; sampling frequency: 200 Hz)?????????????? (Trigno Wireless EMG,
Delsys, INC., Massachusetts, USA; sampling frequency: 2000 Hz)??????? 6????
????????
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Optotrack
Air Sled
Monitor
Subject
x axis
y axis
Infrared 
marker
Cursor
Monitor
Subject
Cursor
Force
 sensor
A B
? 4.3 ????????. (A)????: Maximum voluntary contraction (MVC)?????
????, (B)???: ???????????????
4.2.2 ????
EMG??????????????????????????? 3?????????
???????????????????????????????????EMG???
??????????????????? 2?????????????
4.2.2.1 ???????????????
EMG?????????????? EMG????????????????????
??????? (??)???????????????????????????????
???????????????????????????????
?????????????????????????????????????????
?????????????? (? 4.3A)???????????????????????
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(IFS-67M25A25-I40, NITTA Corporation, Japan; sampling frequency: 200 Hz)???????
????????????? 2????? (x, y?????????)??????????
??????????????????? 6??????????????
?????????? (??????????????)??????????????
???????????????????
???????????????????? (????)??????????????
????????????????????????????????????????
????????????? 3?????????????????????????3?
??????????????????????????????????? 2?????
?????????????????????????????????????????
?????????????? 4.3A? 3???? (??)???????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
??1?????????? 1??????8?????? 1????????? 3? (?
????? 24??)?????
4.2.2.2 ????????
???????????? 6??????????????? 3??????????
???????
4.2.3 ????
4.2.3.1 ???
EMG??????????????????? 0.4???????? EMG?????
?????????????????????????????????????????
??????????????????Hammpel?????????Hammpel?????
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????????????? EMG?????????
(1).?? k?????
(2).??????? xs??????????? k??????????? xmedian????
? σ?????
(3). xs? xmedian?? ±3σ????????????????,xs? xmedian??????
(4).??? 1?3??????????? 1?????????????????????
??????????????
?????MATLAB???????? “hampel()”????????
?????????????????????????????????5??????
????????????????????????200Hz????????????? 30
????????????????????????????????????MATLAB
???????? “butter()”??? “filtfilt()”?????????
?????????????????????????EMG?????????????
???????????????????? (MVC?)? EMG?????? 1?????
?????????? EMG?????????????????? EMG???????
?????????????????
4.2.3.2 ???-EMG???
???? (Osu et al., 2002, 2004)????????? EMG?????????????
??????????????????
τs = c1u1 − c2u2 + c3u3 − c4u4
τe = c5u5 − c6u6 + c7u3 − c8u4
(4.6)
?????τs, τe???????????????????? um (m = 1, ..., 6)?????
? 6????????????????? EMG???an (n = 1, ..., 8)?????????
???
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u1
u2
u4
u3
u6
u5
?e
?s
?s = c1u1 ? c2u2 + c3u3 ? c4u4
?e = c5u5 ? c6u6 + c7u3 ? c8u4
? 4.4 (4.6)?? EMG-???????????
??????? τs, τe??????????????????? un?????????
????????? EMG????????????????????????????
????????????????????????????????G????????
? 4.5????????????? (4.6)???????? (?????NF)???????
8???????? 2???????????????????????????????
?????????????????????????????????????????
???????????????? RMSE(root mean squared error)??????????
?????????????????? EMG????????????????????
?????????EMG?????????????????????????????
?????
????? 4.5????????????????? EMG?????????????
???????????(4.6)??????? t???? 2?????? DCTC(?????
???????)? EMG?????????????????????????? τs??
????????????
dτs
dt
= c1
u1
dt
− c2 u2dt + c3
u3
dt
− c4 u4dt (4.7)
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measured
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? 4.5 EMG??????????????(A) 8???????????? (??:???
?/??:????)?(B) 2????????????? (??:????/??:???
?)??:???????????:???????RMSE: root mean squared error?
???
(
dτs
dt
)2
=
4∑
m=1
(
dum
dt
)2
+
4∑
m=1
4∑
l=1
l,m
(−1)m−1(−1)l−1cmcl dτmdt
dτl
dt
= auto term + cross term
(4.8)
?????????????? τe?????????
(
τs
dt
)2??? ( τedt )2???? DCTC
?????????????DCTC?????? EMG??? auto term? cross term??
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????????????????????????????
DCTCi =
1
ti − ti−1
∫ ti
ti−1
K∑
k−1
(
dτk
dt
)2
dt
=
1
ti − ti−1
∫ ti
ti−1
K∑
k−1
(auto termk)dt +
1
ti − ti−1
∫ ti
ti−1
K∑
k−1
(cross termk)dt
(4.9)
????????auto term? cross term?DCTC?????????????????
?????????????????????????????????????????
??? auto term??? cross term??? EMG???????????????????
??????(i)????????? (4.6)??????????????????????
????????(ii)???????? (4.8)?????????
(
τs
dt
)2??? ( τedt )2????
????????(iii) auto term??? cross term????????????????
4.2.4 ??
?? (i)?(iii)??????????????????????????auto term?cross term
???????????????????? 4.6??????A?B??????????
?? auto term?cross term???????????? A? 8?????????? B? 2
?????????????????????? p???Wilcoxon signed rank?????
??????p??????????????????????????????????
???????
???????????????????????????????????????
????????????????????????? 4.6A?B???????????
cross term????????????????????????????????auto term
??????????????????????????? auto term? cross term???
??????????Wilcoxon signed rank??????????? p < 0.001?????
? 8?????????? 2???????????????????????????
cross term??? auto term??????? cross term????????????????
??????auto term????????????DCTC???????????????
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? 4.6 auto term??? cross term??????? (????)?(A) 8?????????
? (??: auto term??? /??: cross term???)?(B) 2??????????
? (??: auto term??? /??: cross term???)
???
DCTCi ≃ 1ti − ti−1
∫ ti
ti−1
K∑
k−1
(auto termk)dt (4.10)
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????? EMG-?????????????????????????????????
??????????
???????? 4.6????????? cross term????????????????
??????????????????????? cross term????????????
????????????????????????????????????????
?????????????
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?5? ??
??????2???????????????????????????????????
? 2?????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????? (????????)????????????????
?????????????????????????????????????? 2?
?????????????????????????????????????????
????????????????????????????????????????
?????4.1??????????????????????????????????
??????????????????????????????4.1?????????
??????????????????????????? 4.1.3???????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????
???? 3????????????????????? 1????????????
????????????????????????????????????????
80 ? 5? ??
?????????????????????????????2???????????
???????? (????????????????????????????????
????????)??????????????????????? 4?????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????
??????????????????????????? (1)???????????
???? (2)???????????????????????????????????
????????????????????????????????????????
??????????????????????????????????? (?????
?)????????????????????????? Evidence??????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????2???? 3???????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????
81
??
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????
???????????????????????????????????????
? 4??????????????????????????????????????
????????
???????????????????????????????????????
????????????????????????????????????????
?????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????
???????????????????????????????????????
?????
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??A volume conduction????????
?????????
????????????????????????? (????)??????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????? (???????
? “volume conduction?????”???)??????????????????????
??????????????
???????????????????????????????????????
?????????? volume conduction??????????????????????
? volume conduction?????????????????????????????
A.1 weighted phase lag index (wPLI)
2????????????? weighted phase-lag index (wPLI) (Vinck et al., 2011; Cohen,
2015)????????????2???????????????????????? (vol-
ume conduction?????????????????)????????????????
????????? (Vinck et al., 2011)??????????????????? (Vinck
et al., 2011)????????????????????????????? (Vinck et al.,
2011)?????????????
??????? 2????????????????????????????2???
???????1??????? T???????????????? N???????
?????????????????????? 2× T ?????? Sj ( j = 1, ...,N)???
88 ?? A volume conduction?????????????????
??????Sj??????????????? K?????????????????
???????????????????? Sj???????????????? zj??
???????????
zj = (z1,j, z2,j)T = Ayj(f) (A.1)
????(z1, j, z2, j)T ????? j?????? 1, 2???????????yj ≡ (y1,j, yK,j)T
????? j??????? 1?K?????????????????A???????
??? (???)??????????????
A ≡

a1,1 ... a1,K
a2,1 ... a2,K
 (A.2)
???????????????????????? K = 2???????????
A = ((a1,1, a1,2), (a2,1, a2,2))??????????????2????? (y1, j, yK, j)T ? 2?
???????? (z1, j, z2, j)T ??????? 1? 1?????????????????
????? A = ((a1,1, 0), (0, a2,2))????????????????????????A
= ((a1,1, a1,2), (a2,1, a2,2))??? (????|a1,1| > |a1,2|??? |a2,1| > |a2,2|)?
???????? 2??????????????????????????????
???????
Xj ≡ z1,jz∗2,j (A.3)
????z∗2,j? z2,j??????????Xj??Xj = R exp iΘ (R: ???Θ: ??)????
?????????
??? (A.1)???????????
Xj ≡ a1,1y1,ja2,2y∗2,j + a1,2y2,ja2,1y∗1,j +
2∑
k=1
a1,ka2,kyk,jy∗k,j (A.4)
????(A.4)??????????????????????????????????
??????????2?????????weighted phase-lag index(wPLI)???????
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???????????????????(A.4)?? wPLI??????????????
??????????????????????????? (A.4)??wPLI??????
??????????????????
wPLI =
∣∣∣∣E {(a1,1a2,2 − a2,1a1,2)ℑ{Y1Y∗2 }}∣∣∣∣
E
{∣∣∣(a1,1a2,2 − a2,1a1,2)ℑ{Y1Y∗2 }∣∣∣}
=
∣∣∣(a1,1a2,2 − a2,1a1,2)∣∣∣ ∣∣∣∣E {ℑ{Y1Y∗2 }}∣∣∣∣∣∣∣(a1,1a2,2 − a2,1a1,2)∣∣∣ E {∣∣∣ℑ{Y1Y∗2 }∣∣∣}
=
∣∣∣∣E {ℑ{Y1Y∗2 }}∣∣∣∣
E
{∣∣∣ℑ{Y1Y∗2 }∣∣∣}
(A.5)
????Yn (n = 1, 2)???????????????????????????????
??????
????? (A.5)?????wPLI????????????????????????
??????????????????????????????????????? 2
??????????????????????????wPLI??volume conduction??
??????????????? 2????????????????????????
? (Vinck et al., 2011)???????????????????????????????
????????? zero phase-lock????????????????????????
?????? (Vinck et al., 2011)?
A.2 REST????????????????
????????? Qin et al. (2010)????? REST (reference electrode standardisation
technique)??? Re-reference???????????????????????????
????common average reference?????????????????????????
?????????????????????????????????????????
?????????????? (Qin et al., 2010; Chella et al., 2016)???????????
????????????????????????????????????????
?? rereference???????REST????????????????????????
90 ?? A volume conduction?????????????????
????????????????????? (Qin et al., 2010; Chella et al., 2016)????
???????? Lead Field Matrix????????????????????????
??????? common average reference??? rereference??????????????
????????????????????????????????????????
?? (Qin et al., 2010; Chella et al., 2016)??????????????????????
???
????? V (??? Nch ×?????? Ns ??????)??????? S (????
? M ×?????? Ns????)?????????????????????????
????
V = GS (A.6)
????????G??Nch × M???? Lead Field Matrix????
??????????? Vre f ??????? S ?????????? Lead Field Matrix?
??????? Gre f ????
Vre f = Gre fS (A.7)
S = G+re fVre f (A.8)
????????? (????G+re f ??????)?????? (A.8)?? (A.6)?????
?
V = G(G+re fVre f ) (A.9)
???????????? S ?????? V ????????????????????
??
?????????? Vre f ???????? V ??????? (Vre−re f = V − Vre f )???
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?? Lead Field Matrix G??????????????????????????
Vre−re f = V − Vre f (A.10)
= GS −Gre fS = (G −Gre f )S (A.11)
−→ S = (G −Gre f )+Vre−re f (A.12)
?????? (A.12)????? (A.6)???????????????????
V = G(G −Gre f )+Vre−re f (A.13)
?? (A.13)?? REST??? re-reference??????????????????????
????????????????????????????????????????
????
???Yao???????? REST????????????Gre f ? Vre−re f ?
G −Gre f = G − 1Nch
Nch∑
re f=1
Gre f (A.14)
Vre−re f = V − 1Nch
Nch∑
re f=1
Vre f (A.15)
??????????Gre f ? Lead Field Matrix G??????? Lead Field??????
?????Vre−re f ??common average reference??? re-reference??????????
???????????????????????????????????????
volume conduction??????????????????????
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??B DTW??????????
????????????????????????????????????????
(DTW: dynamic time-warping) (Sakoe and Chiba, 1978; Mu¨ller, 2007; Meszle´nyi et al., 2016;
Karamzadeh et al., 2013)?????????DTW??2???????????????
??????????????????2?????? (??)?????????? 2?
????????????????????? sin(θ)? sin(θ + φ)??????? DTW?
???????????? 2???????????????????????????
????????????????????????????????????????
?????????????????????????DP matching(?????: dynamic
programming???matching)?????DTW???????????? B.1????
D
is
ta
n
c
e
Low
High
Shortest path
Time series X
T
im
e
 s
e
ri
e
s
 Y
Ending point
Beginning point Sakoe-chiba band
R
? B.1 DTW??????????
?? B.1?????????? L???? 2??????? X?Y????DTW???
94 ?? B DTW??????????
???????????????? 2???????????????????????
(1). X? Y ? sample-by-sample????????????? (? (B.1))?? B.1?????
??????.
? B.1???????????????????????????????????
??.
cp(X,Y) = (xi − yi)2, (i = 1, 2, ..., L) (B.1)
??? cp(X,Y)? L × L??????????? X = (x1, x2, ..., xL)? Y(y1, y2, ..., yL)?
??????????????, N?????????????????.
(2).?? (1)????????????????????????????????? ni, mi
?????.
(3).?? (2)???????????????????????????????????
????? X, Y ?? DTW???????.
DTW(X,Y) =
N∑
i=1
cp∗(xni , ymi) = min
{
cp(xni , ymi)
}
(B.2)
??? xni?ymi ??? (2)?????? i?????????? ni, mi??????
???????? (2)?????????????????????:
min
{
cp(xni−1, ymi), cp(xni−1, ymi−1), cp(xni , ymi−1)
}
. (B.3)
?????????????? (2)??????????? B.1???????????
? (Sakoe-Chiba band (Sakoe and Chiba, 1978))???????????????????
Sakoe-Chiba band??????????????????????? R????????
????.
?? 2??? DTW?? channel-pair??????? z-wPLI?????????????
???????Sakoe-Chiba band???? R = 15?????????.
95
??C ?????????????????
???????
? 2??????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????
?????????????????????????,(C.1)????????????
??????? (Stam et al., 2007; Kuramoto, 1975)??????????????????
????? 2????????????
C.1 ?????????????
????? (Stam et al., 2007; Kuramoto, 1975)??????????????????
∂θi(t)
∂t
= ωi(t) + ζi +
K
N
N∑
j
sin(θ j(t) − θi(t)), i = 1...N, t ≥ 0 (C.1)
??? ωi?????, θi??? i???, K ??????? (???), N??????, i??
? j???????????????. ???????????????????????
??????????????? ζi?????
??????????? 3????????? 2??????????????????
??????????????? 6??????? (2 types ×3 signals = 6??)?????
????????
???????????????????? 1024Hz? 4.6?? (4710????)???
?????????????????????????? 2.3??????????? 0?
(????????)?????????????? 0?????????????????
96 ?? C ????????????????????????
??????????????????
???????????????????????????????????????
????????????????????????????????????????
???-0.4??? 1.6???????????????????????????????
??????????? 2????????????????????????????
???????????????????????-0.4??? 0.0????????? 2?
???? z-wPLI??????????????????????? (? 2???)?
2?????? 6?????????????????????????????????
?????????? (group 1: channels 1-3 / group 2: channels 4-6)?
[ Channel 1 to 3 ]
K = 0.03
ωi(t) = 2pi f
f =

30 : 0.1 ≤ t ≤ 0.4(s)
U(0, 30) : otherwise
ζi =

0 : 0.1 ≤ t ≤ 0.4(s)
N(0, 30) : otherwise
[ Channel 4 to 6 ]
K = 0.03
ωi(t) = 2pi f
f =

30 : 0.4 ≤ t ≤ 0.7(s)
U(0, 30) : otherwise
ζi =

0 : 0.4 ≤ t ≤ 0.7(s)
N(0, 30) : otherwise
C.2 ???????????????
????????????????????????????????? 6??????
??????????????????? 30????????????????????
???????????????
(1).??????????????3????????? 2??????????????
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(2 types ×3 signals = 6 phase signals)?
(2).??????????????????????????????????????
???????????
(3).?? (2)??????????????????????????? (???????)
?????
(4).?? (3)????? 30????? 30???????????????? (2 types ×3
signals × 50 trials)?
(5).?????????????????????????? 2??????? (????
??????????????????????)????????????????
???
????????????????????????????? 2????? Pseudo F?
????? (Calin´ski and Harabasz, 1974)?????????.
C.3 ???????????????
? C.1?????????????????????????????????????
??????????????????????? (??: ?? (s)???: ?? (Hz))??
????????????????????????????????????????
??????????????????????????????????????? 1?
? 3?????????????????????????? 0.1??? 0.4??????
??????????????????? 4?? 6????????????0.4??? 0.7
?????????????????????????????
?? C.2????????????????? 2?????????????????
??????????????????????????????DTW???? R = 5?
?????????????????? (b)?????????????????????
????????????????????????????????????????
98 ?? C ????????????????????????
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? C.1 ????????????????? z-scored wPLIs??????
???????????? (a)???????????? z-wPLI???????????
????????????????? z-wPLI????????????????????
????????? 2??????????????????????????????
??????????????????????????????
C.4 DTW???R???????????
??????????????????DTW??? R???????????????
??????????????????????????????????? R? 1??
50?????????????????????????????? R????????
????????????
? C.3? DTW??? R????????????????????????????
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? C.2 ??????????. (a) z-scored wPLIs????????. ?????????
?????????????????????????????? 2??????
???????? (P < 0.05 with FDR correction). (b)?????????????
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?????????????????????????????????????
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? C.3 ?? R?????????????????????(a) Pseudo F???????
?? R????(b)????????????? R????
Pseudo F ????????? R???? 20????????????????????
????????????????????????????????????????
?????????Pseudo F???????????????????????????
????????????????????????????? 2???????????
??????? R = 15?????????????
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??D ?????????????????
????????
D.1 ????????
?????? 2??????????????? (Beta 1: 16-24 Hz / Beta 2: 28-36 Hz)??
?????????????????????????????????????MR task
???Command-to-response task????????????????????? 2????
? z-wPLI???????????????????????????? (????:P < 0.05
with FDR correction)?
102 ?? D ?????????????????????????
D.1.1 Mental hand rotation task
D.1.1.1 Mental hand rotation task : switch, Beta1
clus. 3
Beta1
Left(switch)
a
clus. 4 clus. 5 clus. 1
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? D.1 ??????????????? (mental hand rotation task: switch trial, Beta1). (a)
????????? (left hand?switch trials). 5??????? 3???????
???????(b) ????????? (right hand, switch trials)?2??????
? 1?????????????. ????????????????????
??????????????????. (c-d)????????????????
z-scored wPLI (upper panels: stimulus-locked average; lower panels: response-locked
average). ???????????????????? z-scored wPLI??????
?? (P < 0.05 with FDR correction)?
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D.1.1.2 Mental hand rotation task : repeat, Beta1
clus. 4
Beta1
Left(repeat)
a
clus. 6 clus. 3
Beta1
Right(repeat)
b
clus. 4 clus. 7
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? D.2 ??????????????? (mental hand rotation task: repeat trial, Beta1). (a)
????????? (left hand?switch trials). 7??????? 2???????
???????(b) ????????? (right hand, switch trials)?3??????
???????????????. ????????????????????
??????????????????. (c-d)????????????????
z-scored wPLI (upper panels: stimulus-locked average; lower panels: response-locked
average). ???????????????????? z-scored wPLI??????
?? (P < 0.05 with FDR correction)?
104 ?? D ?????????????????????????
D.1.1.3 Mental hand rotation task : switch, Beta2
clus. 2
Beta2
Left(switch)
a
clus. 4
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? D.3 ??????????????? (mental hand rotation task: switch trial, Beta2). (a)
????????? (left hand?switch trials). 4??????? 2???????
?????????????????????????????????????
????????. (b) ?????? z-scored wPLI (upper panels: stimulus-locked
average; lower panels: response-locked average). ????????????????
???? z-scored wPLI???????? (P < 0.05 with FDR correction)?
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D.1.2 Command-to-response task
D.1.2.1 Command-to-response task : switch, Beta1
clus. 3
Beta1
Left(switch)
a
clus. 4 clus. 2
Beta1
Right(switch)
b
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? D.4 ??????????????? (command-to-response task: switch trial, Beta1). (a)
????????? (left hand?switch trials). 4??????? 2???????
???????(b) ????????? (right hand, switch trials)?2??????
? 1?????????????. ????????????????????
??????????????????. (c-d)????????????????
z-scored wPLI (upper panels: stimulus-locked average; lower panels: response-locked
average). ???????????????????? z-scored wPLI??????
?? (P < 0.05 with FDR correction)?
106 ?? D ?????????????????????????
D.1.2.2 Command-to-response task : repeat, Beta1
clus. 1
Beta1
Right(repeat)
a
clus. 2 clus. 3 clus. 4
0 2 4 6 8 10
Node degree
0 0.5 1
???5
??
???5
0
0.5
1
1.5
duration (s)
?????????????????? ???????????
 
 
b
clus. 1
clus. 2
clus. 3
clus. 4
?? ???5 0
???5
??
???5
0
0.5
1
1.5
duration (s)
??????????????????????????????
w
P
L
I 
(z
-s
c
o
re
d
)
w
P
L
I 
(z
-s
c
o
re
d
)
? D.5 ??????????????? (command-to-response task: repeat trial, Beta1). (a)
????????? (left hand?switch trials). 4???????????????
?????????????????????????????????????
????????. (b) ?????? z-scored wPLI (upper panels: stimulus-locked
average; lower panels: response-locked average). ????????????????
???? z-scored wPLI???????? (P < 0.05 with FDR correction)?
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D.1.2.3 Command-to-response task : switch, Beta2
clus. 2
Beta2
Left(switch)
a
clus. 3 clus. 4
0 2 4 6 8 10
Node degree
0 0.5 1
???5
??
???5
0
0.5
1
1.5
duration (s)
????????????????? ???????????
 
 
b
clus. 2
clus. 3
clus. 4
?? ???5 0
???5
??
???5
0
0.5
1
1.5
duration (s)
w
P
L
I 
(z
-s
c
o
re
d
)
?????????????????????????????
w
P
L
I 
(z
-s
c
o
re
d
)
? D.6 ??????????????? (command-to-response task: switch trial, Beta2). (a)
????????? (left hand?switch trials). 5??????? 3???????
?????????????????????????????????????
????????. (b) ?????? z-scored wPLI (upper panels: stimulus-locked
average; lower panels: response-locked average). ????????????????
???? z-scored wPLI???????? (P < 0.05 with FDR correction)?
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??E ???????????????
E.1 ????????????????????????
E.1.1 ????
? 2????2?????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????
E.1.1.1 ???????
???????????????????????????????????????
??????????? (left or right)? trial?? (switch or repat trial)?????????
????????? 2??????????????????????????????
???????????????
(1).? 2????????????????
(2).??????????????????????????????????
(3). (2)???????????????????Group-level?????????????
??
E.1.1.2 ?????
???????????????????????????????????????
?????cosine similarity (Mars et al., 2016)???? mental rotation task? command-to-
response task??????????????????????????. ????????
110 ?? E ???????????????
????????????????????????????????????????
???
E.1.2 ???????
? E.1???????????????????????????????Mental hand
rotation task???10??????????????? 8???????????????
Command-to-response task ???????? 2 ???????????????????
? E.1(a)??? (b)???? 2?????????????????????? (mental
hand rotation task; cluster 4 / command-to-response task; cluster 2)????????????
????????????????????? 3???????????????????
???????????????????????? z-wPLI?????????????
???????? (stimulus-locked average? t = 0???)??????????????
????????? (? E.1C, D)?
? E.1??????????????????????????????????????
?????? E.1(a)??? (b)??????????????2????? cluster-by-cluster
???????????????? E.2?????????? E.2(c)??????Mental
hand rotation task? Cluster 4?????????????? Command-to-response task?
Cluster 2??????????????????????????????? 2?????
???????? 3????? (???????????)??????????????
?????????????????? (Bressler et al., 2008; Romei et al., 2010; Bauer et al.,
2012)??????????????????????????????? E.2(c)????
????????????????????????????????????????
?????
???? E.2(b)?????? 2???????????????????Mental hand
rotation task?Cluster 5?Command-to-response task?Cluster 1????????????
??????????????????????????????????? 2????
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??????????????????? 2.4(a), (b)??? switch trial(left hand)? cluster
1??switch trial(right hand)? cluster 2?? 2.5(a), (b)??? repeat trial(left hand)? cluster
2??repeat trial(right hand)? cluster 1????????????????????????
??????? E.2(b)??????????????????????????????
??????????????????
????? E.1(a)???????????????Mental hand rotation task?????
???????????? occipito-parietal??????????? (? E.1(a)? Cluster 7)
???????????????????? z-wPLI????? E.2(c)????????
?????????????????????????????????? (? E.1(c)?
stimulus-locked average??????)????????????????????????
???????????????????????
???????????????????????????????????????
???????? 2????? switch-related??????????? (inter-parietal area?
?????)????????????????????????????????? 2?
?????????????????????????????????????????
??????????????????? inter-parietal area??????????????
??????????????????
112 ?? E ???????????????
clus. 1
Alpha
Command-to-response task (ALL)
b
clus. 2
0 2 4 6 8 10
Node degree
0 0.5 1
5
5
0
0.5
1
1.5
duration (s)
 
 
d
clus. 1
clus. 2
5 0
5
5
0
0.5
1
1.5
duration (s)
clus. 1
Alpha
Mental hand rotation task (ALL)
a
clus. 2 clus. 4 clus. 5 clus. 6 clus. 7 clus. 8 clus. 9
0 0.5 1
5
5
0
0.5
1
1.5
duration (s)
 
 
c
clus. 1
clus. 2
clus. 4
clus. 5
clus. 6
clus. 7
clus. 8
clus. 9
5 0
5
5
0
0.5
1
1.5
duration (s)
? E.1 ??????????????? (alpha band). (a)????????? (Mental hand
rotation task?ALL). 10??????? 8??????????????(b)???
?????? (Command-to-response task, ALL)?2??????????????
???????. ??????????????????????????????
????????. (c-d) ???????????????? z-scored wPLI (upper
panels: stimulus-locked average; lower panels: response-locked average). ??????
?????????????? z-scored wPLI???????? (P < 0.05 with FDR
correction)?
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clus.1 clus. 2 clus.4 clus.5 clus.6 clus.7 clus.8 clus.9
c
lu
s
.1
c
lu
s
.2
ALL (MR)
A
L
L
 (
C
R
)
Similarity
0.0 1.00.2 0.4 0.6 0.8
0 0.5 1
5
5
0
0.5
1
1.5
duration (s)
Stimulus-locked
 
 
a
b
c
clus. 4 (MR)
clus.2 (CR)
0 0.5 1
5
5
0
0.5
1
1.5
duration (s)
 
clus.5 (MR)
clus.1 (CR)
Stimulus-locked
p < 0.05 (with FDR, CR)
p < 0.05 (with FDR, MR)
p < 0.05 (with FDR, CR)
p < 0.05 (with FDR, MR)
? E.2 2?????????????????????. (A) 2????? cluster-by-cluster
????. (B, C) 2??????????? z-wPLI?????????.
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??F ?2???????????????
?????? 2?????????????????????????????????
???????????????
F.1 ????????
?? 2????????????????????????????????????
? (RT)???????????RT?????????????????????????
?????????? (???)??????????????????????????
???????????????????????????????????? (standard
deviation:SD)? 2????? 3??????????????????????????
?? (Miller, 1991)??? ±2SD??????????????????? 95%?????
????????????????????????????????????????
0 0.5 1 1.5 2 2.5 3
0
10
20
30
40
50
60
 p<0.05
RT (s)
fre
qu
en
cy
? F.1 ex-Gaussian????????????????????
116 ?? F ? 2???????????????
???RT?????????????????????????????????????
?????????????????? (ex-Gaussian) (Ulrich and Miller, 1994; Baayen and
Milin, 2010; Matzke et al., 2013; Lacouture and Cousineau, 2008; Staub, 2010)???????
????????
??????????????? RT?????????????? ex-Gaussian???
????????????????????????????????????????RT
? p????? p < 0.05?????????????????????????ex-Gaussian
????(F.1)??????????????????????? (Ulrich and Miller, 1994;
Baayen and Milin, 2010; Matzke et al., 2013; Lacouture and Cousineau, 2008; Staub, 2010)??
???????(F.2)???????????? RT???? p?? p = 1 − F(x | µ, σ, τ)?
?????
f (x | µ, σ, τ) = 1
τ
exp
(
σ2
2τ2
− x − µ
τ
)
· Φ
( x − µ
σ
− σ
τ
)
(F.1)
F(x | µ, σ, τ) = − exp
(
σ2
2τ2
− x − µ
τ
)
· Φ
( x − µ
σ
− σ
τ
)
+ Φ
( x − µ
σ
)
(F.2)
?????Φ (X) = 1√
2pi
∫ X
−∞
exp
(−y2
2
)
dy? (F.3)
F.2 ???????????????????
?????????????????????????????????? (?????
?)?? F.1????
??????repeat trial??????????????? 60%???????????
??? 10????? (? 1120 trials)???? switch??? repeat trial?????????
??????switch trial???? 448 trials ( = 64 trials × 7 angle conditions)?repeat trial?
??? 672 trials ( = 96 trials × 7 angle conditions)????? F.1????????????
???????????? switch trial??????????? 86.45% ± 5.34 (mean ± SD)
????????????repeat trial???89.58%± 4.73 (mean ± SD)?????????
???
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? F.1 ???????? RT???????????????????????????
?????????? switch??? repeat trial????????????????
(?? ± N=??????????????).
-135◦ -90◦ -45◦ 0◦ 45◦ 90◦ 135◦
switch 54.64±1.06 52.92±1.25 58.24±1.35 58.32±0.88 58.04±1.82 56.80±1.09 48.36±1.97
repeat 90.16±2.33 91.64±1.65 85.84±1.35 88.52±1.37 82.60±1.18 86.08±1.80 77.20±2.47
F.3 ANOVA????????????
ANOVA??????? F????????????????????????????
??? F???????????????????????????????????F?
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????ANOVA???????????????????????
??? partial eta squared ηp (Cohen, 1973; Richardson, 2011)??????????????
???????????? 2?? 3??ANOVA???????????????? ηp?
????ηp??????????????
ηp =
S S e f f ect
S S e f f ect + S S error
=
???????
??????? +???? (F.4)
???????????????????????????????????????
????????ANOVA????????????F????????????? (??
??p?????)????????????????????????
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??G ??????????
G.1 ??????????????????????
4????EMG????????????????????????????????
????????????????????????????????????????
?????????
4??? prior? inverse gamma?????????????????????? prior?
??????????? (Banerjee, 2008; Walter and Augustin, 2009)?
????? : y = Xw (G.1)
[????]
ρ(w, σ2|y, X) ∝ ρ(y|X,w, σ2)ρ(w|σ2)ρ(σ2)
∝ (σ2)− n2 exp(− 1
2σ2
(y − Xw)T (y − Xw))(σ2)− k2 exp(− 1
2σ2
(w − m0)TΛ0(w − m0))(σ2)−a0+1 exp(− b0
σ2
)
[conjugate prior: normal inverse gamma(NIG)]
ρ(w, σ2) = ρ(w|σ2)ρ(σ2) = N(m0, σ2Λ0) × IG(a0, b0) = NIG(m0, σ2Λ0, a0, b0)
ρ(σ2) =
ba00
Γ(a0)
(
1
σ2
)a0+1
exp(− b0
σ2
),?σ2 > 0
120 ?? G ??????????
[NIG??? (see the detail in (Banerjee, 2008))]
∫
NIG(m0,Λ0, a0, b0)dσ2 =
Γ(a0 +
p
2
)
pip/2|(2a)b0
a0
Λ0|1/2Γ(a0)
1 + (w − m0)T [ b0a0Λ0]−1(w − m0)2a0

−
2a0 + p
2
=
Γ(
ν + p
2
)
Γ(
ν
2
)pip/2|νΣ|1/2
[
1 +
(w − m0)TΣ−1(w − m0)
ν
]−ν + p
2
= multivariate t density
with ν = 2a0 and Σ =
b0
a0
Λ0
????p???????? (??????)
????? prior? inverse gamma??????????????w????????? t?
??????????
????????????????????????????????
[???? w????] 
Λ1 = (XTX + Λ−10 )
−1 (G.2)
m1 = wMAP = (XTX + Λ−10 )
−1(Λ−10 m0 + X
Ty) (G.3)
a1 = a0 +
n
2
(G.4)
b1 = b0 +
1
2
(yTy + mT0Λ0m0 − mT1Λ1m1) (G.5)
???????? 0??????????????????????????? 1??
??????? 
[prior?????????] 
σ2 =
b1
a1 − 1 (G.6)
Λ0 = σ
2Λ1 (G.7) 
??????????????????????? (G.2)?(G.7)???????????
G.1. ?????????????????????? 121
???????????????????????????? (????????????
??????????)???????????????????
122 ?? G ??????????
G.2 ???????????MATLAB code
????????????MATLAB code?????????
Listing G.1 Matlab code of Bayesian linear regression
1 %% bayesian linear regression with normal invers gamma prior
2 % [input]
3 % X : regressor matrix [N x D]
4 % N = # of time samples / D = # of feature vectors
5 % y : dependent variables [N x 1]
6 % N = # of time samples
7 % a0, b0 : initial value of NIG distribution’s parameters
8 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
9 % [output]
10 % w : regression coefficients
11 % par : estimated parameters
12 % − V : precision of inverse gamma distribution
13 % − a0 : parameter a0 of inverse gamma distribution
14 % − b0 : parameter b0 of inverse gamma distribution
15 % − loglike : loglikelihood score
16 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
17 % ex.
18 % [w vb, par]=my bayesian fit(X, t);
19 % y reg = X∗w vb;
20 % model variance = diag(pinv(par(end).V));
21 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
22 function [w, par] = my bayesian fit(X, y, a0, b0)
23 %% set initial value
24 if nargin < 3, a0 = 1e−2; end
25 if nargin < 4, b0 = 1e−4; end
26 [N, D] = size(X);
27 XX = X’ ∗ X;
28 Xy = X’ ∗ y;
29 w0 = randn(D,size(y,2));
30 L last = −realmax;
31 max iter = 500;
32 V0 = (a0/b0)∗eye(size(XX));
33
34 for iter = 1:max iter
35 % covariance and model weight w
36 V = pinv(XX + pinv(V0));
37 w = pinv(XX+V0)∗(V0∗w0 + Xy);
38 an = a0 + D/2;
39 bn = b0 + 0.5 ∗ trace(y’∗y + w0’∗pinv(V0)∗w0 − w’∗pinv(V)∗w);
40 % log−likelihood
41 L = trace(−0.5∗(y−X∗w)’∗(y−X∗w) + 0.5∗(w−w0)’∗V∗(w−w0));
42 % update variance of prior
43 sigma2 = bn/(an−1);
44 % update variance of weight w
45 V0 = trace(sigma2) ∗ V;
46
47 par(iter).V = V0;
48 par(iter).w = w;
49 par(iter).a = an;
50 par(iter).b = bn;
51 par(iter).loglike = L;
52
53 disp([’iteration:␣’, num2str(iter)])
54 if abs(L last − L) < 0.001
55 break
56 end
57 L last = L;
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58 end
59
60 if iter == max iter
61 warning(’Bayes:maxIter’, ...
62 ’Bayesian␣linear␣regression␣reached␣maximum␣number␣of␣iterations.’);
63 end

125
??H ???Hopf???????????
?????Kuramoto model???
???????????????Kuramoto-type???????????????????
????????????????????????????????Moon et al. (2015)?
Supplementary material??????????????
Coupled ocillator?????????????????
x˙ j = f j(x)j + ϵjgj(x1, ..., xN , ϵ, t), , j = 1, 2, ...,N, (H.1)
????N???????x j ∈ Rn? j???????????????x???? f j ??
????????????????????? gj ??????????????????
????ϵ j????????gj = 0????????(H.1)??????????????
???????
?????????????????? Hopf????????? unstable node???
????????????????????????????? (???? and ????,
2017; Strogatz, 2014)?????(H.1)??? ϵ??????????????????? f j
??????????????????Hopf????????? f j??????????
????????? (Moon et al., 2015)?
x˙ j = λ jx j − ω jy j ∓ (σ jx j − γ jy j)(x2j + y2j) (H.2)
y˙ j = λ jy j + ω jx j ∓ (σ jy j + γ jx j)(x2j + y2j) (H.3)
126 ?? H ??? Hopf???????????????? Kuramoto model???
???z = r exp (iθ) = x + iy???
z˙ = x˙ + iy˙ (H.4)
??????(H.2)? + i (H.3)???????
z˙ = λ j(x j + iy j)
+ iω j(x j + iy j)
∓
{
σ j(x j + iy j) + iγ j(x j + iy j)
} ∣∣∣x j + iy j∣∣∣2
=
{
λ j + iω j ∓ (σ j + iγ j) |z|2
}
z
z˙ =
{
λ j ∓ σ j |z|2 + i
(
ω j ∓ γ j |z|2
)}
z
(H.5)
????????z˙??????????
z˙ = r˙ exp(iθ) + riθ˙ exp(iθ) =
( r˙
r
+ iθ˙
)
r exp(iθ)
z˙ =
( r˙
r
+ iθ˙
)
z
(H.6)
??????????????(H.5)???? (H.6)????
r˙ j
r j
=
{
λ j ∓ σ j|z j|2
}
(H.7)
θ˙ j = ω j ∓ γ j|z j|2 (H.8)
?????????(H.5)??(H.7)???? (H.8)??S tuart−Landau equation (S L equation)
??? (Moon et al., 2015)?
????(H.5)??????????????????????????????
z˙ =
{
λ j ∓ σ j |z|2 + i
(
ω j ∓ γ j |z|2
)}
z +
N∑
k=1
K jk(zk − z j) (H.9)
?????(H.9)??????? (y j−yk)?????????? j-k????????? ( rkr j exp
{
i(θk − θ j)
}
)?
127
???????????????????????????????????
r˙ j
r j
=
{
λ j ∓ σ j|z j|2
}
+
N∑
k=1
K jk
rk
r j
cos(θk − θ j) (H.10)
θ˙ j = ω j ∓ γ j|z j|2 +
N∑
k=1
K jk
rk
r j
sin(θk − θ j) (H.11)
????? (H.11) ??????????????????? SL equation ? θ˙ j ???
Kuramoto model?????????????????
??????? Hopf?????? coupling oscillator? SL equation?????????
??????????????? (γ = 0?????????? r j????)???Kuramoto
model??????????????
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?? I ?????????????????
?????????????????
??????2??????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
???????????????????Brain Machine Interface (BMI)????????
????? (Daly and Wolpaw, 2008; Coben and Evans, 2010)??????????????
???????????
??????? 2??? 3????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
??????????????????????BMI?????????????????
????????????????????????????????????????
???? (? I.1???????????????)??????????????????
????
???????????????? I.1??????????????????????
????? 4???????????????????
(1). Scope
(2). Normative reference
130 ?? I ??????????????????????????????????
(3). Terms and definition
(4). Safty requirements
??????????????????????????? 4???????????
?????????????????????????????????????????
I.1. Scope 131
I.1 Scope
???????????????????????????????????????
????????????????????? ISO Guide 78?????????????
?????????I.2????????????????I.3?????????????
?????????????????????I.4??????????????????
?????
I.2 Normative reference (????)
I.2.1 ???????????ISO 8549
???????????????????????????????????????
ISO 8549 1 3??????????????????
I.2.2 ???????????????JIS B 9960-1
?????????????????????? JIS B 9960-1????????????
I.2.3 Bluetooth??????????????????ISO/IEC 18092
??????????????? (Bluetooth) ??????????????????
ISO/IEC 18092????????????
I.2.4 ????????????ISO 12100
4???????????? ISO 12100????????????
I.2.5 ????????????????ISO Guide 78
?????? ISO Guide 78???????????????
132 ?? I ??????????????????????????????????
I.3 Terms and definition (????????????????)
??????????????????
I.3.1 ???????
? I.1 ?????????
???????????????????????????????????????
?????????????? (1)??????(2)??????(3)?????box? 3?
???????? (? I.2)?????????????????????????????
????????????? I.1???? I.2????????????????????
???? (3)???????????????????(1)??????? Bluetooth???
????????????????????????????????????????
??????????????????????????????????? (2)????
I.3. Terms and definition (????????????????) 133
脳波 (無線)
? I.2 ????????????????????????
???USB????????????????????????????????????
?????????????????????????????????????????
?????????????????2???????????????????????
?????
I.3.2 ???????
??????????????????????????????????
- ??????????????
??????????????????????????????????????
??????????????????????
- ??????????????
- ???????? (???????)??????????????????????
???
134 ?? I ??????????????????????????????????
I.3.3 ????
????????????????????????????????????????
? (I.3.5.1?)??????????????????????????????????
???????????????????????
(1).?????????????
(2).??????????????????????????????????????
I.3.4 ???????
????????????????????? 3??????????????????
????????????????????????????????????????
???????????????3.3.3???????????????????????
????????????????????????????????????????
???????????????????
I.3.4.1 ???????
????????????????????????Bluetooth???????????
????????????????????????????????????????
????????????????????? 128Hz?????????????????
???????????????5?????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
I.3.5 ?????????
???????????????????????????????????????
??????????????????????????
I.4. Safety requirements (????????) 135
I.3.5.1 ????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
???????????????????
I.4 Safety requirements (????????)
I.4.1 ??????
136 ?? I ??????????????????????????????????
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ど
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電
・
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振
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機
械
が
使
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れ
る
環
境
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関
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す
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ホ
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お
よ
び
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電
磁
妨
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湿
度
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通
信
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ホ
コ
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環
境
下
/
長
期
　
　
間
の
利
用
に
伴
う
機
器
の
劣
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ョ
ー
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磁
気
妨
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誤
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